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(54) A polarisation separation element, a polarisation conversion system, an optical element, 
and a projection display system 



(57) The present invention provides a polarisation 
separation element comprising a first array of prisms 
(20) having a wedge-shaped cross-section, and a sec- 
ond array of prisms (21 ) also having a wedge-shaped 
cross section. One of the prism arrays is an array of bi- 
refringent prisms. 

The present invention also provides a polarisation 
conversion system having a polarisation separation el- 
ement (1 6) of the above type for directing light having a 



first polarisation in a first direction and for directing light 
having a second polarisation different from the first po- 
larisation in a second direction different from the first di- 
rection; and one or more polarisation conversion ele- 
ments (19a,1 9b) for converting light having the first and 
second polarisations to light having a substantially com- 
mon output polarisation. 

The polarisation conversion system of the invention 
is suitable for use in a projection display system. 
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Description 

[0001] The present invention relates to a polarisation 
separation element that separates incident un polarised 
or partially polarised light into two angularly separated 
output beams having different polarisation states. The 
invention also relates to a polarisation conversion sys- 
tem that converts light that is unpolarised or partially po- 
larised to light that is substantially completely polarised. 
The invention also relates to an optical element that 
comprises two lens arrays disposed on opposite faces 
of a substrate. The invention also relates to a projection 
display system incorporating such a polarisation con- 
version system and possibly such an optical element. 
[0002] Many optical systems require that they are il- 
luminated by light that is substantially completely polar- 
ised. Where such a device is operated with light that is 
unpolarised, or that is partially polarised, it is necessary 
for the light to be completely polarised - that is, convert- 
ed to a single polarisation state - before it is incident 
upon the optical system. 

[0003] One way of converting unpolarised light to 
completely polarised light is the well-known linear polar- 
iser. An idealised linear polariser transmits light that is 
linearly polarised in one direction without loss and com- 
pletely absorbs light that is linearly polarised in an or- 
thogonal direction, so that unpolarised light incident on 
the polariser is converted into light that is completely lin- 
early polarised. While such a linear polariser is a 
straightforward means for producing linearly polarised 
light, it has the disadvantage of having a low efficiency. 
An ideal linear polariser, in which there is no loss of the 
polarisation component that is intended to be transmit- 
ted owing to absorption within the polariser and/or re- 
flection at the surfaces of the polariser, has an efficiency 
of only 50%, and the efficiency of a practical linear po- 
lariser is generally within the range 40-45%. 
[0004] Another known means for converting unpolar- 
ised light to polarised light is a polarisation conversion 
system. In a polarisation conversion system, incident 
light that is already polarised in a desired polarisation 
state is transmitted unchanged. Light that is polarised 
in a polarisation state orthogonal to the desired polari- 
sation state is converted to light of the desired polarisa- 
tion state, rather than being blocked as happens if a con- 
ventional linear polariser is used. 
[0005] A polarisation conversion system consists es- 
sentially of a polarisation splitting element (PSE) that 
splits incident unpolarised or partially polarised light, so 
that light of one polarisation state is emitted from the 
PSE spatially or angularly separated from light having 
an orthogonal polarisation state. A polarisation conver- 
sion system also comprises a polarisation conversion 
element for changing the polarisation state of one of the 
components emitted by the PSE into the orthogonal po- 
larisation state. 

[0006] Many polarisation separation elements are 
known. As one example, Figure 19 shows an embodi- 



ment of the well-known Wollaston prism in which two 
biref ringent wedges W1 ,W2 are joined to form a com- 
posite block, with the hypotenuse faces of the two 
prisms adjacent to one another, in this embodiment of 

5 the Wollaston prism, described in EP-A-0 993 323, the 
two wedges W1 ,W2 are embodied as liquid crystal lay- 
ers having varying thickness. The direction of the optic 
axis in each wedge rotates through 90° across the thick- 
ness of the wedge, with the optic axis of the two wedges 

10 being perpendicular to one another at the interface be- 
tween the two wedges. 

[0007] US Patent No. 5 978 136 discloses a conven- 
tional PCOS, which is illustrated in Figure 21(a) of the 
accompanying drawings. This polarisation conversion 

*5 system comprises two microlens arrays 5 and 6. The 
elements of the first microlens array 5 image to corre- 
sponding elements of the second microlens array 6. A 
set of polarising beam splitter cubes 2 that contains po- 
larising separation films 2a then spatially separates P 

20 and S components of the light so that only the P or only 
the S component is incident upon a set of retarder 
stripes 3. The retarder stripes are configured to be sub- 
stantially half wave plates, such that light incident on a 
retarder stripe is converted to its substantially orthogo- 

25 nal state. Light leaving the polarising conversion system 
is now substantially polarised. The polarising beam 
splitter cubes 2 further contain reflecting films 2b that 
reflect the other polarisation component so that it leaves 
the PCOS in a direction that is substantially parallel to 

30 the direction in which light leaves the retarder stripes 3. 
An opaque mask 9 is disposed between the second mi- 
crolens array 6 and the polarising beam splitter array 2 
to reduce cross-talk. The minimum volume of the PCOS 
is constrained by the tolerances of the half-wave plates. 

35 The set of polarising beam splitter cubes 2 of the PCOS 
of Figure 21 ta) may be obtained by obliquely cutting a 
stack of PBS plates 49, as shown in Figure 21 (b). A suit- 
able cutting cross-section is indicated by reference 50 
in Figure 21(b). 

40 [0008] Ogiwara et al describe, in "PS Polarisation 
Converting Device for LC Projector Using Holographic 
Polymer-Dispersed LC Films", SID 1999, a further-con- 
ventional PCOS. This device is shown in Figure 20 and 
comprises two microlens arrays 5, 6, two polymer dis- 

45 persed liquid crystal (PDLC) gratings 2, 4 and a set of 
half wave retarder -elements 3. Polarisation splitting is 
achieved by the PDLC grating 2 that diffracts substan- 
tially only light of one linear polarisation (P) and trans- 
mits light having the orthogonal linear polarisation <S) 

50 without significant diffraction. 

[0009] The half wave retardation plates 3 are mount- 
ed on the second grating 4 and are arranged in the path 
of p-polarised light emitted by the grating 2. When p- 
linearly polarised light passes through one of the half 

55 wave plates 3, it will be converted to s-linearly polarised 
light. 

[0010] The half wave retardation plates 3 are ar- 
ranged so that the s-linearly polarised light .emitted by 
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the grating 2 does not pass through the half wave retar- 
dation plates 3. The s-polarised light emitted by the grat- 
ing 2 is therefore not affected by the half wave plates 3. 
After passing through the array of half wave plates, the 
light is therefore completely s-polarised. 
[0011] In use, the polarisation conversion system is 
illuminated by collimated light produced by a lamp 7 and 
a parabolic mirror 8, and incident light is focused by the 
first microlens array 5. The second microlens array 6 
has a similar focal length and pitch to the first microlens 
array 6. The first and second microlens arrays are sep- 
arated by approximately their focal length. 
[0012] This PCOS again has the disadvantage that 
the minimum volume is constrained by the tolerances of 
the half-wave retarder elements. A further disadvantage 
is that this system uses two polarisation splitting ele- 
ments to reduce dispersion, and this increases the cost 
and complexity of the PCOS. 

[001 3] The dimensions of the polarisation conversion 
system shown in Figure 21(a) are typically of the order 
50mm x 50mm x 70mm. When the polarisation conver- 
sion optical system (PCOS) is used with a projector, it 
significantly increases the overall volume of the projec- 
tor. The volume of the PCOS of Figure 21 (a) can only 
be reduced if the focal length of the microlens arrays is 
reduced, and this requires a corresponding reduction in 
the pitch of the microlenses, the halfway plates and the 
polarisation splitting cubes. The microlens arrays used 
in a conventional PCOS of the type shown in Figure 21 
(a) would typically have a pitch p of 6mm, and it would 
be desirable to reduce this to under 1 mm with a corre- 
sponding reduction in optical system throw. It is, how- 
ever, difficult to do this in the case of a PCOS that incor- 
porates conventional half-wave retarder elements and 
conventional polarisation splitting cubes, since it be- 
comes difficult to align the elements with one another 
with the required tolerance. Fabrication and assembly 
of the PCOS thus become much more difficult. Accord- 
ingly, with the elements used in current polarisation con- 
version systems of the type shown in Figure 21 (a), the 
physical size of the elements used places a restriction 
on the minimum volume of the PCOS. 
[0014] EP 0 887 667 and GB 2 326 729 disclose a 
method of fabricating a high precision patterned retarder 
element and the application of such an element to a po- 
larisation conversion optical system comprising an array 
of beamsplitters. 

[0015] Figure 17 shows a further conventional polar- 
isation conversion system proposed by Minolta. In this 
PCOS the polarisation separation element 2 is a d'rff rac- 
tive optical element (DOE) polarisation splitter. In the de- 
vice shown in Figure 17, light in which the plane of po- 
larisation is in the plane of the paper is not deflected, as 
shown by the solid ray paths. Light polarised in a direc- 
tion out of the plane of the paper is deflected, as shown 
by the ray paths in broken lines. The device also com- 
prises a first microlens array 5 for focusing light emitted 
by the polarisation separation element 2, a conventional 



large-size array of half wave retarder elements 3, and a 
second microlens array 6. The device is illuminated by 
light from a lamp 7 that has been collimated by a para- 
bolic mirror 8 and passed through a UV-IR filter 9'. 

5 [0016] The prior art PCOS of Figure 17 has the dis- 
advantage that it uses a diffractive element as the po- 
larisation separation element 2. Because this is a dif- 
fractive element it will suffer from high chromatic disper- 
sion, and will also suffer from polarisation mixing owing 

10 to the overlapping of multiple diffraction orders. The high 
chromatic dispersion of the polarisation separation ele- 
ment will also mean that the efficiency of the PCOS will 
be low. 

[001 7] Figure 1 8 illustrates a further prior art polarisa- 
15 tion conversion system. This PCOS is described in US 
patent No. 5 900 977 and in WO97/01 779, and consists 
of three elements that are shown separated in Rgure 
18 for clarity. 

[001 8] The first component 1 0 of the PCOS of "Figure 

20 1 8 spirts unpolarised or partially polarised light into two 
components propagating in different directions and hav- 
ing orthogonal linear polarisations. The second compo- 
nent 1 1 is a polarisation-rotating element that rotates the 
plane of polarisation of light. The rotation of the plane 

25 of polarisation produced by the second component 11 
is strongly dependent on the angle of incidence of light 
Light incident on the component 11 in the normal direc- 
tion, such as the beam b v will have its plane of polari- 
sation rotated by 90°. Light that is incident on the ele- 

30 ment 11 in a non-normal direction, such as the beams 
b 2 , will have their plane of polarisation unchanged. 
[0019] The third component 12 bends the beams of 
light, so as to produce a substantially collimated output 
beam. The first and third components 10,12 consist of 

35 alternating areas of birefringent material and optically 
isotropic material. 

[0020] The polarisation conversion system of Figure 
18 suffers from a low acceptance angle. For example, 
the acceptance angle of atypical projection system may 

40 be of order 5 degrees, whereas for this element a lower 
acceptance angle for high convergence efficiency may 
be expected. Such an element may be suitable for use 
with a laser such as in a CD player. 
[0021] US Patent No 5 440 424 discloses a sheet po- 

45 larisation conversion system that contains a polarisa- 
tion-separating component, a polarisation-rotating com- 
ponent and a combining component. This polarisation 
conversion system also has a low acceptance angle. 
[0022] EP-A-0 753 780 discloses a polarisation sep- 

50 aration element that comprises a liquid -crystal layer 
sandwiched between two substrates. One of the sub- 
strate has a serrated surface structure, so that the thick- 
ness of the liquid crystal layer is not constant. Unpolar- 
ised light incident on the polarisation separation element 

55 is split into two different polarisation components at the 
interface between the serrated substrate and the liquid 
crystal layer, and the two polarisation components leave 
the polarisation separation element travelling indifferent 
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directions. 

[0023] In the polarisation separation element dis- 
closed in EP-A-0 753 780 one of the polarisation com- 
ponents passes through the polarisation separation el- 
ement without deviation, nominally for all wavelengths 
of visible light. Light must therefore be incident on the 
polarisation separation element at non-normal inci- 
dence to prevent signif icant loss of light. This means that 
an optical projector using the polarisation separation el- 
ement of EP-A-0 753 780 is required to use a tilted lamp 
in order to prevent significant loss of light. 
[0024] A first aspect of the p resent i n vention provides 
a polarisation separation element comprising: a first ar- 
ray of prisms, each prism having a wedge-shaped 
cross-section; and a second array of prisms, each hav- 
ing a wedge-shaped cross section; wherein each prism 
of the first array is disposed with an inclined face dis- 
posed adjacent an inclined face of a corresponding 
prism of the second array; wherein each prism of at least 
one of the arrays of prisms is a birefringent prism; and 
wherein the polarisation separation element is arranged 
to deviate light having the first polarisation and to devi- 
ate light having the second polarisation. 
[0025] A polarisation separation element of the 
present invention deviates both the first polarisation 
component and the second polarisation component. 
That is, the direction in which the first polarisation com- 
ponent is output from the polarisation separation ele- 
ment and the direction in which the second polarisation 
component is output from the polarisation separation el- 
ement are both different from the direction of the incident 
light. When a polarisation conversion system having a 
polarisation separation element of the present invention 
is incorporated in a projection display system, the use 
of a non-tilted lamp geometry does not lead to additional 
loss of light assuming the correct materials and prism 
geometries are used. 

[0026] Each prism of the first array of prisms may be 
a birefringent prism and each prism of the second array 
of prisms may be a birefringent prism. Each prism of the 
first array may be arranged with its optic axis perpen- 
dicular to the optic axis of the corresponding prism of 
the second array. 

[0027] Each prism of the first array of prisms may be 
an optically isotropic prism and each prism of the second 
array of prisms may be birefringent prism. 
[0028] The ordinary refractive index n G of a prism of 
the second array, the extraordinary refractive index n e 
of a prism of the second array and the refractive index 
n of a prism of the first array may be chosen such 
that: n D < n < n e 

[0029] The array of birefringent prisms, or one of the 
arrays of birefringent prisms if there are more than one 
array of birefringent prisms, may comprise a liquid crys- 
tal material. 

[0030] The polarisation separation element may com- 
prise spacers for determining the thickness of the liquid 
crystal layer. Each spacer element may be integral with 



a respective one of the prisms of the first array. 
[0031] The array of birefringent prisms, or one of the 
arrays of birefringent prisms if there are more than one 
array of birefringent prisms, may alternatively comprise 
5 a reactive mesogen, or may comprise a polymer-stabi- 
lised liquid crystal material. 

[0032] The polarisation separation element may fur- 
ther comprise a third array of prisms, each having a 
wedge-shaped cross-section; and a fourth array of 

10 prisms, each having a wedge-shaped cross-section; 
and each prism of the third array may be disposed with 
an inclined face adjacent an inclined face of a corre- 
sponding prism of the fourth array; and each prism of 
the third array may be a birefringent prism. 

is [0033] The direction of the optic axis of a prism of the 
second array may vary over the thickness of the prism. 
[0034] The direction of the optic axis of a prism of the 
second array may vary by substantially 90° over the 
thickness of the prism, the optic axis being substantially 

20 perpendicular to the direction of incident light over the 
thickness of the prism. The direction of the optical axis 
of a prism of the second array at the face of the prism 
disposed closer to the third array of prisms may be per- 
pendicular to the optic axis of the prisms of the third ar- 

25 ray. The second array of prisms may comprise a liquid 
crystal layer. 

[0035] A second aspect of the present invention pro- 
vides a polarisation conversion element comprising: a 
first lens array for converging incident collimated light; 

30 a polarisation separation element for directing light hav- 
ing a first polarisation in a first direction and for directing 
light having a second polarisation different from the first 
polarisation in a second direction different from the first 
direction; and one or more polarisation conversion ele- 

35 ments for converting light having the first and second 
polarisations to light having a substantially common out- 
put polarisation; wherein the polarisation separation el- 
ement is a polarisation separation element as defined 
above. 

40 [0036] The output polarisation may be the second po- 
larisation. 

[0037] The array of polarisation conversion elements 
may be disposed substantially in the focal plane of the 
first lens array. 

^5 [0038] The first lens array may be disposed between 
the polarisation separation element and the polarisation 
conversion element. Alternatively, the first lens array 
may be disposed before the polarisation separation el- 
ement. 

so [0039] The polarisation conversion system may fur- 
ther comprise a second lens array for collimating the 
output of the polarisation conversion element. The first 
lens array and the second lens array may have a com- 
mon substrate. The second lens array may be adjacent 

55 and behind the polarisation conversion element. 

[0040] The polarisation conversion element may be 
disposed directly on the second microiens array. This 
prevents the polarisation conversion element becoming 
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mis-aligned from the second microlens array. 
[0041] The polarisation conversion element may be 
disposed after and may be optically coupled to the sec- 
ond lens array. 

[0042] The output from the polarisation separation el- 5 
ement may be a f irst beam of linearly polarised light hav- 
ing a first plane of polarisation and a second beam of 
linearly polarised light having a second plane of polari- 
sation different from the first plane of the polarisation, 
and the or each polarisation conversion element may 10 
be a polarisation rotation element 
[0043] The plane of polarisation of the first beam may 
be at substantially 90° to the plane of polarisation of the 
second beam. 

[0044] The one or more polarisation conversion ele- *5 
ments may comprise a retarder array having a plurality 
of first regions alternating with a plurality of second re- 
gions, the first and second regions being arranged to 
receive light of the first and second polarisations, re- 
spectively. The first and second regions may have first 20 
and second sizes which are matched to the cross-sec- 
tional sizes of light beams of the first and second polar- 
isations, respectively, and which are different from each 
other. 

[0045] A third aspect of the present invention provides 25 
a projection display system comprising a source of un- 
polarised or partially polarised light, a polarisation con- 
version system as defined above, and a projection lens. 
[0046] A fourth aspect of the present invention pro- 
vides an optical element comprising: a substrate; a first 
lens array disposed on one surface of the substrate; and 
a second lens array disposed on an opposing surface 
of the substrate, each lens of the second lens array be- 
ing optically associated with a lens of the first lens array. 
[0047] The first lens array and the second lens array 
may be integral with the substrate. 
[0048] An optical element according to this aspect of 
the invention is suitable for use in a polarisation conver- 
sion system of the second aspect of the invention. By 
disposing both lens arrays on a common substrate the 
accuracy with which a lens of one array can be aligned 
with a lens of the other array can be increased, and this 
enables the pitch of the lens arrays to be reduced. Re- 
ducing the pitch of the lens arrays enables their focal 
lengths to be reduced, so reducing the distance be- 
tween the two lens arrays and thereby reducing the vol- 
ume of a polarisation conversion system incorporating 
the lens arrays. 

[0049] The pitch of the first lens array may be sub- 
stantially equal to the pitch of the second lens array. 
[0050] The pitch of the first lens array and the pitch of 
the second lens array may each be less than 2mm. 
[0051] The width W of the optical element and the 
thickness T of the optical element may satisfy the rela- 
tionship W/T > 3. 

[0052] Preferred features of the present invention will 
now be described by way of illustrative example with ref- 
erence to the accompanying figures in which: 



Figure 1(a) is a schematic diagram of a firstembod- 
iment of a polarisation conversion system accord- 
ing to the present invention; 

Figure 1 (b) is a schematic diagram of a second em- 
bodiment of a polarisation conversion system ac- 
cording to the present invention; 

Figure 2(a) is a schematic sectional view of a first 
polarisation separation element according to the 
present invention; 

Figure 2(b) is a schematic sectional view of a sec- 
ond polarisation separation element according to 
the present invention; 

Figure 2(c) is a schematic sectional view of a further 
polarisation separation element according to the 
present invention; 

Figures 2(d) and 2(e) are partial perspective views 
of the polarisation separation element of Figure 2 

(c); 

Figure 3(a) is a schematic sectional view of a further 
polarisation separation element; 



Figure 8 is a schematic sectional view of a further 
embodiment of a polarisation conversion system 
according to the present invention; 



Figure 3(b) is a partial sectional view of a further 
polarisation separation element according to the 
present invention; 

Figure 4 is a schematic sectional view of a further 
polarisation separation element according to the 
present invention; 

Figure 5 is a sectional view illustrating the operation 
of a polarisation separation element according to 
the present invention; 

Figure 6(a) is a schematic view of a further embod- 
iment of a polarisation conversion system accord- 
ing to the present invention; 

Figure 6(b) is a schematic view of a further embod- 
iment of a polarisation conversion system accord- 
ing to the present invention; 

Figure 7{a) is a schematic view of a further embod- 
iment of a polarisation conversion system accord- 
ing to the present invention; 

Figure 7(b) is a schematic view of a further embod- 
iment of a polarisation conversion system accord- 
ing to the present invention; 
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Figure 9 is a schematic view of a reflective polari- 
sation separation element according to the present 
invention; 

Figure 10 is an enlarged sectional view illustrating 5 
a reflective polarisation separation element accord- 
ing to the present invention; 

Figure 1 1 is a schematic view of a projection system 
according to the present invention; 10 

Figure 1 2 is a schematic sectional view of a further 
polarisation separation element of the invention; 

Figure 1 3 is a schematic sectional view of a further 15 
polarisation separation element of the invention; 

Figure 14(a) illustrates the alignment direction of a 
retarder suitable for use in a polarisation separation 
element; 20 

Figure 1 4(b) is a schematic perspective view of the 
retarder of Figure 14(a); 

Figure 1 4(c) is a schematic diagram of another em- 2s 
bodiment of a polarisation conversion system ac- 
cording to the present invention; 

Figure 15(a) is a schematic sectional view of a fur- 
ther polarisation separation element according to 30 
the present invention; 

Figures 15(b) and 15(c) are schematic diagrams of 
embodiments of a polarisation conversion system 
according to the present Invention; 35 

Figure 16 is a schematic diagram of another em- 
bodiment of a polarisation conversion system ac- 
cording to the present invention; 

40 

Figure 17 is a schematic sectional view of a con- 
ventional polarisation conversion system; 

Figure 18 is a perspective view of another conven- 
tional polarisation conversion system; *s 

Figure 1 9 is a schematic perspective view of a liquid 
crystal Wollaston type prism; 

Figure 20 is a schematic view of a further conven- so 
tional polarisation conversion system; 

Figure 21 (a) is a schematic view of a further known 
polarisation conversion system; 

55 

Figure 21 (b) illustrates the fabrication of the polari- 
sation separation element of the polarisation con- 
version system of Figure 21(a); 



Figures 22(a) and 22(b) illustrate the polarisation 
produced by a parabolic reflector; 

Figures 22(c) and 22(d) show two waveplates suit- 
able for utilising the polarisation shown in Figures 
22(a) and 22(b); 

Figure 22(e) is a schematic perspective view of the 
twist of the optic axis of a uni-axial material suitable 
for utilising the polarisation induced by the reflector 
of Figure 22(a); 

Figure 23(a) illustrates one embodiment of the 
alignment direction of a counter-substrate to equal- 
ise dispersion for the P- and S- components of lin- 
early polarised light; 

Figure 23(b) shows a further embodiment of the 
alignment direction of a counter substrate to equal- 
ise dispersion for the P- and S- components of lin- 
early polarised light; 

Figure 24 is a perspective view of the lens arrays of 
the polarisation conversion system of Figure 1(a); 
and 

Figure 25 is a schematic view of a projection system 
incorporating the polarisation conversion system of 
Figure 1(a). 

[0053] Like reference numerals refer to like -compo- 
nents throughout the drawings. 

[0054] Figure 1 (a) is a schematic view of a PCOS 1 5 
according to a first embodiment of the present invention. 
[0055] In use, colli mated light is supplied by a light 
source (not shown). The light from the light source is 
unpolarised or partially polarised, and contains two lin- 
early polarised components having orthogonal polarisa- 
tion directions. One component has the plane of polar- 
isation in the plane of the paper, and this is denoted by 
the double-ended arrow in Figure 1 and will be referred 
to as "horizontally plane-polarised". The other -compo- 
nent has the plane of polarisation out of the piane of the 
paper, and this is denoted by the dot enclosed within a 
circle symbol in Figure 1 and will be referred to as "ver- 
tically plane -polarised". 

[0056] The PCOS 15of Figure 1(a)contains a polar- 
isation splitting element 16. As indicated in Figure 1 (a), 
this angularly separates the two polarisation compo- 
nents in the incident light and deviates each polarisation 
component. One polarisation component of the incom- 
ing light is directed in a first direction, and the orthogonal 
polarisation component is directed in a second direction 
which is different from the first direction. The first and 
second directions are each different from the direction 
of propagation of the incident light, for all wavelengths 
in the visible spectrum. The structure of the polarisation 
splitting element is described below. 
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[0057] The PCOS 1 5 of Figure 1 (a) further comprises 
a polarisation conversion element placed on the oppo- 
site side of the polarisation splitting element to the light 
source. The polarisation conversion element 19 is ar- 
ranged so that it converts the first and second polarisa- 
tion components into light having a substantially com- 
mon output polarisation. This is conveniently done by 
providing the polarisation conversion element with a plu- 
rality of first areas 19(a) that convert one of the polari- 
sation components generated by the polarisation split- 
ting element 16 into a desired output polarisation, and 
arranging the polarisation conversion element such that 
light of the first polarisation component is incident sub- 
stantially only on these areas. Similarly, the polarisation 
conversion element further comprises a plurality of sec- 
ond areas 19(b) that convert the second polarisation 
component generated by the polarisation splitting ele- 
ment into light of the desired output polarisation and light 
of the second polarisation component output by the po- 
larisation separation element is arranged to be incident 
substantially only on these areas. 
[0058] The desired output polarisation component 
may be one of the two polarisation components gener- 
ated by the polarisation splitting element 1 6. If this is the 
case, the polarisation conversion element 19 is ar- 
ranged to transmit light of the desired polarisation com- 
ponent without substantially changing its polarisation 
state. The polarisation conversion element is further 
adapted to convert the other polarisation component 
produced by the polarisation splitting element into the 
desired output polarisation component. 
[0059] In the embodiment shown in Figure 1 (a) the 
polarisation splitting element produces a horizontally 
plane-polarised component and a vertically plane-polar- 
ised component. The desired output state of the polari- 
sation conversion system is horizontally plane-polarised 
light. In this embodiment, the polarisation conversion el- 
ement 19 is embodied as a polarisation rotation ele- 
ment. The polarisation conversion element is arranged 
so that one polarisation component (in the embodiment 
of Figure 1 (a) the vertically plane-polarised component) 
is incident on areas 19a of the polarisation rotation ele- 
ment that rotate the plane of polarisation of that compo- 
nent by substantially 90°. The other polarisation com- 
ponent (in the embodiment of Figure 1(a) the horizon- 
tally plane-polarised component) is incident on areas 
1 9b of the polarisation rotation element that do not rotate 
the plane of polarisation of that polarisation component, 
and its plane of polarisation is substantially unchanged 
by the polarisation rotation element 1 9. In consequence, 
light output from the PCOS 1 5 of Figure 1 (a) contains 
only horizontally plane-polarised light, since the vertical- 
ly plane polarised component has been converted to 
horizontally plane polarised by the polarisation rotation 
element 

[0060] In order to ensure that the horizontally plane- 
polarised component directed by the polarisation split- 
ting element 16 towards the polarisation rotation ele- 



ment 19 does not pass through any of the areas 19a 
that rotate the plane of polarisation, and to^ensure that 
vertically polarised light directed by the polarisation 
splitting element 16 towards the polarisation conversion 

s element 1 9 does not pass through any of the areas 1 9b 
that do not rotate the plane of polarisation, a first micro- 
lens array 17 is provided to converge light directed to- 
wards the polarisation conversion element 19. In the 
embodiment of Figure 1(a) the first microlens array 17 

10 is disposed between the polarisation splitting element 
16 and the polarisation conversion element 19, so that 
the array 19 is spaced from the first microlens array 17 
by approximately the focal length of the microlens array. 
[0061] A second microlens array 1 8 is preferably pro- 
fs vided in the PCOS 1 5 of Figure 1 (a), to ensure that the 
light output from the PCOS is substantially telecentric 
and arranged to produce an image of each lens in the 
first array at the plane of the panel when used in com- 
bination with a further condensing lens. The second mi- 

20 crolens array 18 should ideally be located in the same 
plane as the array 19 and hence at the focal plane of 
the first micro lens array 17, because separation of the 
planes of the arrays 18 and 19 results in light loss. 
[0062] The focal length of the first microlens array 17 

25 is preferably equal, or substantially equal, to the focal 
length of the second microlens array 18. In the embod- 
iment of Figure 1 (a) the pitch and lateral dimensions of 
the lens elements in the first microlens array are equal 
to the pitch and lateral dimensions of the lens elements 

30 in the second microlens array 18. The pitch of both mi- 
crolens arrays is preferably 2mm or less. It would alter- 
natively be possible for the lateral dimensions of the lens 
elements in one microlens array to be different from the 
lateral dimensions of the microlens elements in the other 

35 array, in order to modify the etendue using the method 
disclosed in European patent application 99115664.7. 
[0063] In the embodiment of Figure '\<(a) t each and 
every lens element of the first microlens array 17 pro- 
duces two images of the light source at thecorrespond- 

40 ing lens element of the second microlens array 1 8. The 
angular separation elements cause a separation of the 
images of the source at the second lens array 1 8 when 
imaged by the first lens array 17. The splitting angle and 
power of the first lens array 1 7 is set so that the two 

45 images are interleaved and substantially non-overlap- 
ping in the image plane of the first lens array 17 which 
corresponds substantially to the plane of the second 
lens array 18 and polarisation conversion element 19. 
[0064] When the polarisation splitting element 16 is 

50 illuminated by light that is substantially unpolarised, the 
two separated, orthogonally polarised beams produced 
by the polarisation separation element 16 will have sub- 
stantially equal intensity to one another. However, if the 
light from the light source has some degree of linear po- 

55 larisation, then the relative intensities of the two sepa- 
rated, orthogonally polarised beams produced by the 
polarisation separation element will depend on the input 
polarisation ratio of the light from the light source. 
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[0065] A suitable light source for use with the PCOS 
1 5 of Figure 1 (a) is an approximately 1 .3mm UHP (TM) 
arc lamp, as manufactured by Philips. 
[0066] In the embodiment of Figure 1 (a) the first micro 
lens array 17 and the second micro lens array 18 are 
formed on opposite faces of the same substrate 20. it 
would alternatively be possible for the first and second 
micro lens arrays 17, 18 to be formed on separate sub- 
strates as illustrated in, for example, Figure 7(b). 
[0067] Figure 24 is a perspective view of the f irst and 
second micro lens arrays 17, 18 of the PCOS of Figure 
1 (a). The first microlens arrays 17 is formed on one face 
of a substrate 20 and the second microlens array 18 is 
formed on an opposite face of the substrate 20. Each 
lens element of the second microlens array is optically 
associated with a lens element of the first microlens ar- 
ray, in that light incident on a lens element of the first 
microlens array is directed to an associated lens ele- 
ment of the second microlens array. As noted above, in 
the embodiment of Figure 1 (a) the pitch P and lateral 
dimension D of the lens elements in the first microlens 
array are equal to the pitch and lateral dimensions of the 
lens elements in the second microlens array 18. The 
pitch of both microlens arrays is preferably 2mm or less, 
[0068] The first and second microlens arrays 17,18 
are preferably integral with the substrate 20. For exam- 
ple, the first and second microlens arrays 1 7,1 8 and the 
substrate 20 could be moulded in a transparent plastics 
material in one integral unit, or the first and second mi- 
crolens arrays could be pressed into faces of a suitable 
transparent substrate. As an alternative, the lens arrays 
could be fabricated by manufacture of separate lens ar- 
rays and bonding of the two lens arrays using an index 
matching material to form a common optical substrate. 
This would avoid mechanical alignment of the element 
during projector assembly and reduce the number of 
surfaces of the element, thus reducing unwanted sur- 
face reflections and the cost of anti- reflection coating of 
the element. Microlenses of these types can be fabricat- 
ed by a variety of other techniques including UVcasting, 
hot embossing, etching of glass or forming gradient in- 
dex lenses onto a plastic or preferably glass substrate. 
[0069] Figure 25 illustrates a projection system that 
uses a PCOS 1 5 of the type shown in Figure 1(a). In this 
projection system the PCOS 15 is illuminated by light 
emitted by a light source 7 and collimated by a parabolic 
mirror 8. Light leaving the PCOS 15 illuminates a light 
valve 48, for example a spatial light modulator, that mod- 
ulates the intensity of light thereby enabling an image to 
be displayed. A condenser lens 49 is preferably dis- 
posed between the PCOS 1 5 and the light valve 48. 
[0070] In an example in which the light valve has an 
aspect ratio of 4:3 and a diagonal of 0.7" (approximately 
1 8mm), the breadth of the light valve is 4/5 of the diag- 
onal, i.e. approximately 14.22mm. If the pitch of the mi- 
crolens arrays is 2mm, the ratio of the distance from the 
first microlens array to the second microlens array to the 
distance from the second microlens array to the light 



valve is 14.22/2. Thus, if the distance from the second 
microlens array to the light valve is desired to be 
100mm, the distance from the first microlens array to 
the second microlens array should be 1 00mm x 2/1 4.22 

5 = 14.06mm {all distances assumed to be in air). If the 
microlens arrays 1 7,1 8 and the substrate 20 are formed 
of a glass with a refractive index of 1.52, the thickness 
T of the substrate 20 should be 21.4mm. Integrating 
both lens arrays onto a single glass substrate having 

10 this thickness is possible, so making the pitch of the mi- 
crolens arrays less than 2mm allows both microlens ar- 
rays to be integrated onto a single substrate. 
[0071] Further in this example, if the reflector 8 has a 
diameter of 60mm, the width W of the microlens arrays 

1 5 1 7, 1 8 is preferably 60mm or more, to ensure that all light 
from the lamp passes through the PCOS. If the thick- 
ness T of the substrate 20 is approximately 20mm, then 
the width W and thickness T of the substrate 20 satisfy 
the following relationship: W/T > 3. Ideally the lens pitch 

20 will be of order 200 microns so that the glass thickness 
is of order 2mm, corresponding to a sandwich of two 
standard LCD glass substrates. This will allow access 
to high-volume low-cost glass and to standardised 
glass-processing equipment. That is to say, the thick- 

25 ness of the microlens substrate, for a given width, is 
much lower in the invention than in the prior art, so that 
the volume of the PCOS of the invention is much lower 
than the volume of a conventional PCOS. For a prior art 
device, typical values of W and T are w=50mm and 

30 T=50mm, giving W/T = 1 . 

[0072] The construction of one polarisation splitting 
element 16 of the invention, which is suitable for use in 
the PCOS 1 5 of Figure 1<a), is shown in detail in Figure 
2(a). It will be seen that the polarisation splitting element 

35 16 consists essentially of two arrays of -birefringent 
prisms 20, 21. The prisms 20, 21 of each array have a 
wedge-shaped cross-section. The wedge angle of the 
prisms 20 of the first array is equal or substantially equal 
to the wedge angle of the prisms 21 of the second array, 

40 and the cross-sectional dimensions of the prisms 20 of 
the first array are equal or substantially equal to the 
cross-sectional dimensions of the prisms 21 of the sec- 
ond array. 

[0073] The arrays of prisms are disposed such that a 
45 prism 20 of the first array has its oblique face 20a (hy- 
potenuse face) adjacent to the oblique face 21a of a 
prism 21 of the second array. (In Figure 2<a) a small gap 
is shown between the prism 20 and the prism 21 for clar- 
ity.) Since the prisms of the first array have substantially 
50 the same wedge angle as the prisms of the second ar- 
ray, the base face 20b of a prism 20 of the first array is 
substantially parallel to the base face 21b of the corre- 
sponding prism 21 of the second array. 
[0074] In Figure 2(a) the prisms 20 of the first array 
55 are attached to a first cover plate or substrate 22, and 
the prisms 21 of the second array are attached to a sec- 
ond cover plate or substrate 23. The cover plates can 
be made of any transparent, optically isotropic material 
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such as a glass or a plastics material. The covers plates 
22,23 preferably each have a uniform thickness, so that 
the front surface 22a of the first cover plate is parallel to 
the rear face 23a of the second cover plate 23. The front 
surface 22a of the first cover plate 22 forms the entrance 5 
face of the polarisation separation element, and the rear 
face 23a of the second cover plate 23 forms the exit face 
of the polarisation separation element 16. 
[0075] The optic axis of the prisms 20 of the first prism 
array and the optic axis of the prisms 21 of the second 
prism array are parallel to the entrance and exit faces 
of the polarisation splitting element 16. The optic axes 
of the prisms are therefore generally perpendicular to 
light propagating through the polarisation separation el- 
ement. Moreover, the optic axis of each first prism 20 is 
orthogonal to the optic axis of each second prism 21 . 
[0076] In use, lightfromthe light source enters the po- 
larisation splitting element 16 and then passes through 
the first cover plate 22 and one of the prisms 20 of the 
first birefringent prism array. Angular separation be- 
tween light of one linear polarisation and light of the or- 
thogonal linear polarisation will occur at the inclined in- 
terface between a prism 20 of the first prism array and 
the corresponding prism 21 of the second prism array. 
[0077] Figure 2(b) illustrates an alternative polarisa- 
tion splitting element 16 of the invention, which is again 
suitable for use in the PCOS 1 5 of Figure 1 (a). This gen- 
erally corresponds to the polarisation splitting element 
16 of Figure 2(a), except that the first array of birefrin- 
gent wedge-shaped prisms 20 of Figure 2(a) is replaced 
by an array of wedge-shaped prisms 24 made of an op- 
tically isotropic material such as a glass or a plastics 
material. Provided that the refractive index of the mate- 
rial used to form the optically isotropic wedge-shaped 
prisms 24 is not equal to the ordinary refractive index or 
to the extraordinary refractive index of the birefringent 
material used to form the birefringent prisms 21, both 
polarisation components will be deviated. The refractive 
index of the material used to form the optically isotropic 
wedge-shaped prisms 24 and the ordinary and extraor- 
dinary refractive indices of the birefringent material used 
to form the birefringent prisms 21 may be chosen such 
that n 0 < n < n e over the entire visible spectrum, where 
n 0 and n e are the ordinary and extraordinary refractive 
indices of the birefringent material used to form the bi- 
refringent prisms 21 , and n is the refractive index of the 
material used to form the optically isotropic prisms 24. 
[0078] The splitting angle of the light cone is defined 
by the tilt angle of the prisms and the birefringence 
whereas the mean tilt of the two cones with respect to 
the input optical axis is defined by the relative refractive 
index of the isotropic material. In addition, dispersion dif- 
ferences between the ordinary and the extraordinary 
components may mean that the two polarisation states 
have different dispersive properties. Thus, it is possible 
that the size of the spot falling on the second lens array 
1 8 is different for the two orthogonal polarisation states. 
This is illustrated in Figure 1(b), where the relative size 



and shape of one light spot is shown at 50 and the rel- 
ative size and shape of the other light spot is shown at 
51 (with the first spot shown superimposed for compar- 
ison). In order to compensate for the difference in spot 
sizes, the polarisation rotation element 19 may be 
adapted as shown in Figure 1 (b) such that the areas 19 

(a) which rotate the plane of polarisation and which re- 
ceive light from the larger light spot 51 are larger than 
the areas 19(b) which do not rotate the plane of polari- 
sation and which receive light from the light spot 50. 
[0079] The embodiment of Figure 1 (b) further differs 
from that of Figure 1 (a) in that the second lens array 18 
is optically coupled to the polarisation rotation element 
19 by an isotropic medium 52 having a refractive index 
n 2 . A suitable material for the isotropic medium 52 is 
UV-OPTI-CLAD-138-X produced by Opti-clad, having a 
refractive index n 2 - 1 .38. Suitable material for the sec- 
ond lens array 18 is OC 462 from Nye, having a refrac- 
tive index n-j = 1.6. 

[0080] The array of birefringent prisms 21 of Figure 2 

(b) , and one or both of the arrays of birefringent prisms 
20,21 of Figure 2(a) may be embodied as a liquid crystal 
layer, for example by using the fabrication technique dis- 
closed by D.J. Broer in "Mol. Cryst. Liq. Cryst." Vol. 261 , 
pp 51 3-523 (1 995). They may alternatively be embodied 
using a reactive mesogen layer or using a polymer-sta- 
bilised liquid crystal layer. 

[0081] Figure 2(c) shows an alternative polarisation 
splitting element 1 6 of the invention, which is again suit- 
able for use in the PCOS of Figure 1 . As for the polari- 
sation splitting elements of Figures 2(a) and 2(b), the 
polarisation splitting element of Figure 2(c) deviates 
both polarisation components. 

[0082] The polarisation splitting element of Figure 2 

(c) again comprises wedge-shaped prisms disposed be- 
tween a first transparent cover plate 22 and a second 
transparent cover plate 23, but in the polarisation split- 
ting element 16 of Figure 2(c) four arrays of prisms are 
disposed between the first cover plate 22 and the sec- 
ond cover plate 23. The prisms in each array have a 
wedge-shaped cross-section. 

[0083] The first array is an array of optically isotropic 
wedge-shaped prisms 25, the second array is an array 
of birefringent prisms 26, the third array is an array of 
birefringent prisms 27, and the fourth array is an array 
of optically isotropic prisms 28. Each prism 26 of the sec- 
ond array is arranged with its oblique face 26a disposed 
adjacent to the oblique face 25a of a corresponding 
prism 25 from the first array. Similarly, each prism 27 of 
the third array is arranged with its oblique face 27a dis- 
posed adjacent to the oblique face 28a of a correspond- 
ing prism 28 of the fourth array. Each prism 26 of the 
second array is disposed with its flat face 56b parallel 
to and adjacent the flat face 27b of a prism 27 of the 
third prism array. The prisms 25 in the first array have 
substantially the same wedge angle as the prisms 26 in 
the second array, so that the base face 25b of a prism 
25 in the first array is substantially parallel to the base 
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face 26b of the corresponding prism 26 in the second 
array. Similarly the prisms 27 in the third array have sub- 
stantially the same wedge angle as the prisms 28 in the 
fourth prism array, so that the base face 27b of a prism 
27 in the third array is substantially parallel to the base 
face 28b of the corresponding prism 28 in the fourth ar- 
ray. The wedge angle of the prisms 25 and 26 of the first 
and second arrays should be similar to that of the prisms 
27 and 28 of the third and fourth arrays and is the same 
in the illustrated embodiment Also, the pitch of the 
prisms 25 and 26 is shown as being the same as that of 
the prisms 27 and 28 but may be different. 
[0084] The direction of the optic axis of the prisms 27 
of the third array does not change direction throughout 
its thickness, as shown schematically in Figure 2(e). 
However, the direction of the optic axis of the prisms 26 
of the second prism array is not constant but varies 
across the thickness of the prism as shown in Figure 2 
(d) so that the optic axis adjacent the flat face 26b of a 
prism 26 of the second array is substantially perpendic- 
ular to the optic axis adjacent the oblique face 26a of 
the prism. The optic axis of the prisms 26 of the second 
array is always parallel to the front face 22a of the first 
cover plate 22, so that the optic axis is always substan- 
tially perpendicular to light passing through the polari- 
sation separation element. The optic axis of a prism 26 
of the second prism array is arranged such that, at the 
face of the prism nearest the corresponding prism of the 
third prism array (in Figure 2(c) this is the flat face 26b 
of the prism) the optic axis is perpendicular to the optic 
axis of the corresponding prism 27 of the third prism ar- 
ray 

[0085] In a polarisation splitting element of Figure 2 
(c), a prism 26 of the second prism array and a prism 
27 of the third prism array both have their optic axes 
adjacent their inclined face 26b,27b oriented parallel to 
the "wedge grooves", but the optic axis of a prism 26 of 
the second array at the face nearest the corresponding 
prism 27 of the third array is perpendicular to the optic 
axis of the prism 27. This reduces the wedge angle re- 
quired to provide a given angle of divergence between 
the ordinary and extraordinary rays, thus reducing dis- 
persion produced by the uniaxial material of the prisms. 
A further advantage is that the ordinary and extraordi- 
nary rays are symmetrically diverged about the normal 
to the polarisation splitting element, as shown by the ray 
paths in Figure 2(c). In contrast, where a single uniaxial 
prism with a wedge-shaped cross-section is used light 
of one polarisation may be diverged by a greater angle 
than light of an orthogonal polarisation, if the change in 
the extraordinary refractive index is higher than the 
change in the ordinary refractive index. 
[0086] The wedge-shaped prism 26 in which the di- 
rection of the optic axis rotates over the thickness of the 
prism may be formed using a liquid crystal material, for 
example the liquid crystal material ZLI-5200-100 (avail- 
able from Merck). Alternatively, a reactive mesogen 
such as RM257 (available from Merck) or polymer sta- 



bilised liquid crystal material such as NOA61 {available 
from Norland) mixed with E7 (available from Merck) hav- 
ing homogeneous alignment may be used. 
[0087] Figure 4 shows a further polarisation element 

5 1 6 of the invention, which is again suitable for use in the 
PCOS 15 of Figure 1(a). This polarisation splitting ele- 
ment again deviates both polarisation components. 
[0088] The polarisation splitting element 16 of Figure 
4 comprises a first array of optically isotropic prisms 31 

10 disposed between a first transparent cover plate 22 and 
a second transparent cover plate 23. The optically iso- 
tropic prisms are mounted on the secondcover plate 23, 
and each prism 31 in the first prism array has its upper 
face 31 a (the face disposed furthest from the second 

15 cover plate) at an oblique angle to the face 31 b adjacent 
the second cover plate, so that the first prism array has 
a "saw-tooth" profile. 

[0089] A liquid crystal layer 32 is disposed between 
the first cover plate 22 and the optically isotropic prism 

20 array 31 . The separation between the first and second 
cover plates is substantially constant so, since the thick- 
ness of the isotropic prisms 31 varies in a "saw-tooth" 
manner, the thickness of the liquid crystal layer also var- 
ies in a "saw-tooth" manner. The liquid crystal layer 32 

25 thus forms an array of birefringent prisms, each prism 
being a truncated wedge in cross-section. The array of 
isotropic prisms 31 may be made of a polymer material. 
The "saw-tooth" profile of the array of prism 31 may be 
provided by, for example, moulding the polymer using a 

30 suitable mould, casting the polymer, or by a lithographic 
process. 

[0090] The liquid crystal layer 32 is disposed between 
a first alignment layer 29 and a second alignment layer 
30 for controlling the alignment direction of liquid crystal 
35 molecules adjacent the alignment layers 29, 30. In the 
embodiment of Figure 4 one alignment layer 29 is dis- 
posed on the first cover plate 22, and the second align- 
ment layer 30 is disposed on the upper face of the array 
of prisms 31 . 

40 [0091] The alignment layers 29, 30 can be formed of 
any suitable material such as, for example, the material 
PI2555. Alternatively, alignment layers designed for use 
at lower fabrication temperatures may be used. The 
alignment layers 29, 30 may be rubbed or photo-aligned 

45 so that they orient liquid crystal molecules in a -desired 
direction. In the case that the alignment layer 30 is 
aligned by a rubbing process, it may, in principle, be 
rubbed in a direction parallel to the grooves of the micro 
prism array or in a direction perpendicu lar to the grooves 

50 of the micro prism array. It is, however, preferable to rub 
the alignment layer in a direction parallel to the grooves 
of the micro prism array, since rubbing it in a direction 
perpendicular to the grooves may present alignment dif- 
ficulties and may change the director profile of the liquid 

55 crystal material adjacent the alignment layer 30. 

[0092] Figure 5 illustrates the principle of operation of 
a polarisation splitting element 16 of the invention. Fig- 
ure 5 relates to a polarisation separation element of the 
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type shown In Figure 2(b), in which an array of isotropic 
wedge-shaped prisms and an array of birefringent 
wedge-shaped prisms are disposed between a first 
transparent cover plate 22 and a second transparent 
cover plate 23; however, the polarisation separation el- 
ements of Figures 2(a), 2(c) and 4 operate in a generally 
similar manner. 

[0093] The polarisation splitting element 1 6 of Figure 
5 is illuminated substantially normally and telecentrically 
to the front face of the first cover plate 22 which, as noted 
above, forms the entrance face of the polarisation split- 
ting element. The incident light enters the first cover 
plate 22; since the light is normally incident, the propa- 
gation of light is substantially unaltered at the front face 
22a of the cover plate 22. There is also substantially no 
deviation of the direction of propagation of light at the 
interface between the transparent cover plate 22 and 
the array of isotropic wedge-shaped prisms 24. (In prac- 
tice, some reflection will occur at the two faces of the 
transparent cover plate 22, but this has been omitted 
from Figure 5 for clarity.) 

[0094] When the light passes through one of the iso- 
tropic prisms 24 it encounters the interface between the 
isotropic prism 24 and a corresponding birefringent 
prism 21 . This interface is inclined with regard to the fac- 
es of the transparent cover plate 22, so that the light will 
be obliquely incident on this interface and the angle of 
refraction will be different for p-linearly polarised light 
and s-linearly polarised light. Because the angle of re- 
fraction is different for the two orthogonal linear polari- 
sations, the incident beam of light is split with p-linearly 
polarised light being directed in a first direction and s- 
linearly polarised light being directed in another direc- 
tion. 

[0095] As a consequence of refraction occurring at 
the inclined interface between the isotropic prism 24 and 
the birefringent prism 21, light is no longer propagating 
in a direction normal to the entrance face of the polari- 
sation splitting elements. This is true for both the ray of 
p-linearly polarised light and the ray of s-Hnearly polar- 
ised light. Consequently, refraction will occur at the in- 
terface between birefringent prism 21 and the front face 
23a of the second cover plate 23, and refraction will also 
occur at the rear face 23b of the second cover plate 23. 
The refraction that occurs at these two last interfaces 
will increase the angular separation between the p-lin- 
early polarised light and the s-linearly polarised light. In 
consequence, the p-linearly polarised light and the s- 
linearly polarised light exit the polarisation splitting ele- 
ment 16 in directions that are different from one another 
and from the propagation of the incident unpolarised or 
partially polarised light. 

[0096] The polarisation splitting element 16 of Figure 
5 is similar in operation to a Wollaston prism, but differs 
in that only one birefringent wedge-shaped prism is 
used. The angle of deviation between the two orthogo- 
nally polarised beams of light is determined primarily by 
the refractive index of the isotropic prism 24, by the or- 



dinary and extraordinary refractive indices of the bire- 
fringent prism 21 and by the inclination angle e. For in- 
stance, in a specific example of this embodiment, a 5 
degree split between vertical and horizontal polarisation 

5 is required, as defined by the etendue requirements of 
the optical system. An isotropic microprism of tilt angle 
29.5 degrees and refractive index 1 .56 is attached to the 
glass substrate. A birefringent liquid crystal material 
having an ordinary refractive index at 550nm of 1.534 

w and an extraordinary refractive index at 550nm of 1 .690 
is aligned to the microprism surface. A splitting angle of 
5 degrees is produced by the element. 
[0097] As is evident from Figure 5, the separation of 
light having one linear polarisation from light having an 

is orthogonal linear polarisation occurs at an interface that 
is inclined with respect to the direction of propagation of 
the light. In principle, such an oblique interface could be 
achieved by providing the polarisation splitting element 
with a single pair of wedge-shaped prisms, one dis- 

20 posed on each of the cover plates. The polarisation split- 
ting element would then have a single inclined interface 
that extended across the entire area of the device, as 
shown schematically in Figure 3(a). This has the disad- 
vantage that the overall thickness of the device will be 

25 relatively large. For a given angle of inclination G of the 
prism, and for a given lateral dimension of the polarisa- 
tion splitting element, there will be a lower limit on the 
thickness of the polarisation splitting element, beyond 
which it will not be possible to reduce the thickness. 

30 [0098] In contrast, in the present invention the polar- 
isation splitting element is provided not with a single 
wedge-shaped prism, but with an array of "truncated- 
prisms. The prisms are truncated in that they do not ex- 
tend over the entire lateral dimension of the polarisation 

35 splitting element, but instead extend only over a part of 
the lateral dimension of the polarisation splitting ele- 
ment. In consequence, the array of prisms has a saw- 
tooth profile as shown in Figure 3(b). By truncating the 
prisms in this way, the overall thickness of the polarisa- 

40 tion splitting element can be reduced. 

[0099] Diffraction will occur from the regular structure 
of truncated microprisms. The diffraction angle is in- 
versely proportional to the pitch of the truncated prisms. 
For a given prism angle, the height of the truncated 

45 prism is also proportional to the pitch. Therefore, in- 
creasing truncation height will reduce diffraction angle 
and increase the amount of diffracted light within a given 
angle. 

[0100] In the PCOS 1 5 of Figure 1 (a) or 1 (b), the po- 
50 larisation conversion element contains first elements 
19a that rotate the plane of polarisation of linearly po- 
larised light by 90°, and elements 1 9b that do not rotate 
the plane of polarisation of linearly polarised light. In 
principle, the polarisation rotation could be performed 
55 by an array of discrete half wave-plates acting as the 
elements 19a that rotate the plane of polarisation, with 
space between adjacent half -wave-plates acting as the 
elements 1 9b that do not rotate the plane of polarisation. 
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In one embodiment of the invention, however, the polar- 
isation rotation element 19 comprises a uniaxial layer 
that extends over the entire area of the PCOS. The thick- 
ness of the uniaxial layer is chosen such that the uniaxial 
layer operates substantially as a half-wave plate. The 
regions 1 9a that rotate the plane of polarisation of line- 
arly-polarised light and the regions 1 9b that do not rotate 
the plane of polarisation of linearly-polarised light are 
defined by varying the direction of the optic axis of the 
uniaxial layer. This is illustrated in Figures 14(a) and 14 
(b). 

[0101] As shown in Figure 14(b), the uniaxial layer 19 
has an optic axis which is not uniformly oriented over 
the area of the layer. The layer 19 has one or more re- 
gions in which the optic axis is oriented in one direction 
and one or more regions in which the optic axis is ori- 
ented in a different direction. In the embodiment of Fig- 
ure 14(b), the first optic axis orientation has the optic 
axis substantially parallel to the direction of polarisation 
of the first polarised state and the second optic axis ori- 
entation has the optic axis orientated 45° to the direction 
of polarisation of the second polarisation state. In the 
PCOS the uniaxial layer 19 is oriented so that the light 
of the first and second polarisation state is incident on 
a region of the layer 19 having the first or second optic 
axis orientation, respectively. The action of the uniaxial 
layer therefore is to change the angle of polarisation of 
the second polarisation state by 90° to be in substan- 
tially the same polarisation state as the first polarisation 
state. 

[0102] The manufacture of a half wave plate in which 
the direction of the optic axis varies over the wave-plate 
is described in EP 0 887 667 the contents of which are 
hereby incorporated by reference. 
[0103] The patterned retarder element shown sche- 
matically in Figure 14(a) may alternatively be constitut- 
ed by the combination of a patterned retarder element 
and an un-patterned retarder element, as described in 
EP 0 829 744 the contents of which are incorporated by 
reference. The use of a patterned retarder element 19 
in series with an unpatterned retarder element 32*, as 
shown in Figure 14(c), reduces the wavelength depend- 
ence of the polarisation rotation element, and therefore 
improves the efficiency of the polarisation conversion el- 
ement thereby reducing the light loss. The unpatterned 
retarder element 32' may, for example, be similar to the 
plastic retardation films available from Sumitomo. Alter- 
natively, the unpatterned retarder element 32* may be a 
liquid crystal material, a reactive mesogen or any other 
suitable birefringent material. 

[0104] In an embodiment in which the polarisation 
splitting element 16 splits light in the horizontal plane, 
pairs of linear images of substantially orthogonally po- 
larisation to one another will be formed on the polarisa- 
tion rotation element 19. In this case, the uniaxial layer 
19 should contain vertical stripes of alternative align- 
ment of the optic axis at 0° to the vertical and 135° to 
the vertical as shown in Figure 14(a). 



[0105] A uniaxial layer in which the direction of the op- 
tic axis varies over the area of the uniaxial layer in the 
manner shown in Figure 14(a) may be constituted by a 
liquid crystal layer or a layer of a reactive mesogen ma- 

5 terial disposed over an alignment layer, as shown sche- 
matically in Figure 14(b). The device shown in Figure 
14(b) comprises an optically isotropic, transparent sub- 
strate 30, an alignment layer 31 , and a layer of uniaxial 
material 32 that acts as the half-wave plate. The orien- 

10 tation of the alignment layer varies over its area, in sub- 
stantially the same manner as the desired orientation of 
the optic axis of the uniaxial material. A second layer of 
uniaxial material having uniform alignment of its optic 
axis may be disposed on the reverse side of the sub- 

*s strate 30 to provide an un-patterned retarder element 
32* as illustrated in Figure 14(c). 
[0106] Figure 6(a) shows a further embodiment of a 
PCOS 15 according to the present invention. This em- 
bodiment differs from the embodiment of Figure 1<a) in 

20 that the first lens array 1 7 is disposed between the light 
source (not shown) and the polarisation splitting ele- 
ment 16. The polarisation splitting element 16 is ideally 
substantially in the plane of the first lens array 17. In 
practice, the first array 1 7 may be attached to the cover 

25 plate 22 of the PSE 16 and the second lens array 18 
attached to the counter substrate 23 of the PSE 16 with 
a suitable spacer material as illustrated in Figure 6(b). 
Furthermore, the polarisation conversion element 19 
may be mounted on a transparent substrate 30, for ex- 

30 ample a glass plate, as shown in Figure 6(b). 

[01 07] In the embodiments shown in Figures 6(a) and 
6(b), the polarisation splitting element 16 may have has 
the general form shown in any of Figures 2(a), 2(b), 2 
(c), 4 or 5. In particular, the polarisation splitting element 

35 preferably comprise arrays of truncated wedge-shaped 
prisms as shown in Figure 3(b). This reduces the overall 
thickness of the polarisation splitting element 1 6, and 
allows it to be positioned between the f irst lens array 1 7 
and the second lens array 1 8. 

40 [0108] Figure 7(a) shows a PCOS according to a fur- 
ther embodiment of the present invention. In this em- 
bodiment, the first microlens array 17 is disposed be- 
tween the polarisation splitting element 16 and the light 
source (not shown), and the polarisation rotation ele- 

45 ment 19 is disposed between the polarisation splitting 
element 16 and the second micro lens array 18. In this 
embodiment the polarisation rotation element 19 is pref- 
erably a half-wave-plate retarder, in which the direction 
of the optic axis varies over the area of the wave-plate, 

50 of the type shown in Figure 14(a). The polarisation ro- 
tation element is preferably formed of a thin layer of a 
birefringent material, for example such as a reactive me- 
sogen. The use of a thin polarisation rotation element 
allows the polarisation rotation element to be disposed 

55 between the first and second microlens arrays. Thus, in 
the embodiment of Figure 7<a) both the polarisation 
splitting element 16 and the polarisation rotation ele- 
ment 19 are disposed between the first microlens array 
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17 and the second microlens array 18. The second mi- 
crolens array 18 may be a UV cast polymer on the sur- 
face of the element 19 so as to provide a reduction in 
thickness of the PCOS and so as to provide some pro- 
tection for the element 19. 

[0109] Figure 7(b) shows a PCOS 1 5 according to a 
further embodiment of the invention. In this embodi- 
ment, the first and second lens arrays 17,18 are dis- 
posed on separate substrates. This embodiment is par- 
ticularly advantageous when the lens arrays 1 7, 1 8 have 
a large focal length, since, in this case, forming the two 
lens arrays on a common substrate would result in a 
large and heavy element. 

[0110] Apart from the fact that the first and second 
lens arrays 17, 18 are formed on separate substrates, 
the embodiment of Figure 7(b) is generally similar to the 
embodiment of Figure 1 . The polarisation separation el- 
ement 16 of the embodiment of Figure 7(b) can be a 
polarisation separation element as described with refer- 
ence to any of Figures 2(a), 2(b), 2(c), 4 and 5. 
[0111] Figure 8 shows a PCOS 15 according to a fur- 
ther embodiment of the invention. In this embodiment 
the polarisation conversion element, which in this em- 
bodiment is formed by an array of half waveplates 1 9a, 
is disposed directly on the second microlens array 1 8. 
This eliminates the risk of the polarisation conversion 
element becoming mis-aligned with the microlens array 
during use of the PCOS. 

[0112] Apart from the fact that the polarisation con- 
version element is disposed directly on the second lens 
array 18, the embodiment of Figure 8 is generally similar 
to the embodiment of Figure 1 . The polarisation sepa- 
ration element 1 6 of the embodiment of Figure 8 can be 
a polarisation separation element as described with ref- 
erence to any of Figures 2(a), 2(b), 2(c), 4 and 5. 
[01 13] In the embodiment of Figure 8 the f irst and sec- 
ond microlens arrays 17, 18 are disposed on a common 
substrate 20. It is, however, possible for the polarisation 
conversion element to be disposed directly on the sur- 
face of the second microlens array even if the first and 
second microlens arrays 17, 18 are not disposed on a 
common substrate. 

[01 1 4] As will be understood from the above descrip- 
tion, the two beams of light output from the polarisation 
separation element 1 6 are both linearly plane-polarised, 
with the plane of polarisation of one beam being orthog- 
onal to the plane of polarisation of the other beam. One 
measure of the performance of a polarisation separation 
element is the extent to which the two output beams are 
indeed linearly polarised. This is known as the "discrim- 
ination" of a polarisation separation element. 
[01 1 5] For a polarisation separation element that is in- 
tended for use in a PCOS, a relatively low value of the 
discrimination such as 10:1 may be tolerated, since a 
"clean-up" polariser is often used before the output light 
from the PCOS is supplied to, for example, a projection 
system (for a single beam, the polarisation discrimina- 
tion measures the amount of light in a given linear po- 



larisation to the amount of light in the orthogonal polar- 
isation). If a large discrimination is achieved, for exam- 
ple greater than 100:1, the polarisation separation ele- 
ment itself may be used as a polarising beam splitter. 

s [01 1 6] Figures 9 and 1 0 illustrate a polarisation sep- 
aration element of the invention used as a polarising 
beam splitter in a liquid crystal projection system. 
[0117] Figures 9 and 10 show a polarisation separa- 
tion element 16 disposed in front of a pixellated liquid 

10 crystal panel 33. In Figures 9 and 10 the polarisation 
separation element 16 is a polarisation separation ele- 
ment of the type shown in Figure 2(b), in which an array 
of birefringent wedge-shaped prisms 21 and an array of 
optically isotropic wedged-shaped prisms 24 are dis- 

*5 posed between a transparent cover plate 22 and a trans- 
parent cover plate 23. However, a polarisation separa- 
tion element according to Figure 2(a), 2<c), 4 or 5 could 
alternatively be used in the projection system shown in 
Figures 9 and 10. 

20 [0118] The liquid crystal layer comprises a rear sub- 
strate 34, a reflective layer 35 disposed over the sub- 
strate 34, and a pixellated liquid crystal layer 36 dis- 
posed over the reflective layer 35. The second transpar- 
ent cover plate 23 of the polarisation separation element 

25 16 also functions as the upper substrate of the liquid 
crystal display device 33. Electrodes (not shown) are 
provided to enable individual pixels of the liquid crystal 
layer 36 to be addressed. Filtering (not shown) is pro- 
vided to form sets of red, green and blue pixels as illus- 

30 trated by R, G and B in Figure 10. 

[0119] In operation, the projection system of Figures 
9 and 10 is illuminated with substantially collimated 
plane-polarised light. The incoming plane-polarised 
light is incident normally and telecentrically upon the 

35 front face 22a of the upper cover plate 22 which forms 
the entrance face of the polarisation separation element 
16. 

[0120] The polarisation separation element is ar- 
ranged such that the incoming plane-polarised light is 

40 transmitted through the polarisation separation element 
without change in polarisation. In the embodiment of 
Figures 9 and 10 the incoming plane-polarised light has 
its plane of polarisation out of the paper, so that the light 
reaching the liquid crystal layer 36 will also be plane- 

45 polarised in this direction. 

[0121] The liquid crystal layer 36 acts to selectively 
change the polarisation state of the light that passes 
through the liquid crystal layer, is reflected by the reflec- 
tive layer 35 and passes back through the liquid crystal 

50 layer 36. By changing the voltage applied to a pixel of 
the liquid crystal layer, it is possible to select that light 
leaving the liquid crystal layer 36 after reflection by the 
reflector 35 has its plane of polarisation unchanged, or 
it is possible to select that light exiting the liquid crystal 

55 layer 36 after reflection by the reflective layer 35 has 
had "its plane of polarisation rotated by 90°. Light that 
exits the liquid crystal layer 36 with its plane of polarisa- 
tion unchanged is directed by the polarisation separa- 
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tion element back towards the light source. However, 
light exiting the liquid crystal layer that has had its plane 
of polarisation rotated by 90° is deflected by the polari- 
sation separation element away from the path of inci- 
dent light, as shown in Figures 9 and 10. 
[0122] The projection system as shown in Figure 9 
and 10 further comprises a projection lens (not shown 
in Figure 9 or 10). The projection lens is positioned such 
that light that is deflected by the polarisation separation 
element after reflection by the reflector 35 is directed 
towards the projection lens. Light that is reflected by the 
reflective liquid crystal panel 33 with its plane of polari- 
sation unchanged is directed by the polarisation sepa- 
ration element 1 6 back towards the light source, and so 
does not reach the projection lens. In this way, by suit- 
ably addressing the pixels of the liquid crystal display 
device 33 it is possible to direct a desired image towards 
the projection lens for subsequent projection. 
[0123] Conventional projection systems that incorpo- 
rate a reflective liquid crystal panel generally use a di- 
chroic polarising beam splitter (PBS). A dichroic PBS is, 
however, relatively expensive, and is also bulky. Use of 
a polarisation separation element of the present inven- 
tion in a projection system is therefore advantageous, 
since it reduces the cost and the volume of the projection 
system. Furthermore, a polarisation separation element 
of the present invention has less variation of its optical 
properties as the angle between input light and the nor- 
mal to the polarisation separation element varies. For a 
projection system having a small liquid crystal panel 
having a low F/# illumination cone, the use of a polari- 
sation separation element of the present invention 
presents an advantage in flux throughput and contrast 
ratio. 

[0124] Figure 11 is a schematic view of a projection 
system. Light from a lamp 7 is collimated by a parabolic 
mirror 8. The parabolic mirror 8 also acts as a "cold" mir- 
ror and, in combination with a "hot mirror" 37 also serves 
to remove unwanted heat from the light emitted by the 
lamp 7. The light is then incident on a PCOS element 
15 to produce a plane-polarised telecentric beam of 
light. The PCOS 15 may be a PCOS of the present in- 
vention as described with reference to any of Figures 1 , 
6, 7 and 8 above. 

[01 25] Light leaving the PCOS passes through a col- 
lector lens or homogeniser lens 38 that produces a mag- 
nified image of the lens array elements of the PCOS 
substantially in the plane of the field lens 39. Light is 
transmitted to the liquid crystal panel 33 through the field 
lens 39 to ensure that the liquid crystal panel is illumi- 
nated telecentric ally. 

[0126] A polarising beam splitter 40 is located be- 
tween the field lens 39 and the liquid crystal panel 33. 
As described above with reference to Figures 9 and 1 0, 
when light is reflected by the liquid crystal panel 33 with 
its plane of polarisation unchanged, it is directed by the 
polarising beam splitter 40 back towards the lamp 7. 
However, when light reflected by the liquid crystal panel 



33 has its plane of polarisation rotated by substantially 
90°, the light is directed towards a projection lens 41. 
An image encoded in the liquid crystal panel 33 can 
therefore be projected. 

s [01 27] In a polarisation separation element 1 6 as de- 
scribed with reference to Figure 4, in which a liquid crys- 
tal material is used to form the birefringent wedge- 
shaped prisms, the assembly of the PCOS requires the 
transparent cover plates 22, 23 to be cemented to one 

10 another with a uniform cell gap between them. Figure 
1 2 shows a further embodiment of a polarisation sepa- 
ration element of the invention, in which a liquid crystal 
layer 32 is used to form birefringent wedge-shaped 
prisms. The polarisation separation element of Figure 

15 1 2 also comprises an array of optically isotropic prisms 
31. 

[0128] In the polarisation separation element 16 of 
Figure 12, the optically isotropic prisms 31 are formed 
of a polymer material, for example by moulding or em- 

20 bossing a polymer sheet to provide the array of wedge- 
shaped prisms. Spacer balls 42 are used to space the 
polymer wedge-shaped prisms 31 from the lower trans- 
parent cover plate 23, thereby ensuring that the sepa- 
ration between the two transparent cover plates 22, 23 

25 is uniform. The spacer balls 42 used in this embodiment 
can be any conventional spacer balls as used in con- 
ventional liquid crystal panels. The spacer balls 42 can 
be introduced by a spraying process, or they -can be 
mixed in the glue used to cement the upper and lower 

30 transparent cover plates 22, 23 together. The spacer 
balls 42 will generally have a diameter of the order of a 
few microns. 

[01 29] Figure 1 3 shows a further polarisation separa- 
tion element 16 of the invention. As with the embodiment 

35 of Figure 12, a liquid crystal layer 32 and an array of 
optically isotropic prisms 31 are disposed between first 
and second transparent cover plates -22,23. In this po- 
larisation separation element, the optically isotropic 
wedge-shaped prisms 31 are again formed from a pol- 

40 ymeric material, for example by moulding or embossing. 
The polymer material is further shaped to provide spac- 
er posts 43. When the upper and lower cover pHates 22, 
23 are assembled together, the spacer posts 43 will en- 
sure that the separation between the upper and lower 

45 cover plates 22, 23 is uniform. Thus, incorporation of 
spacer posts in the polymeric layer at intervals across 
the polarisation separation element has the advantage 
of simplifying the fabrication of the polarisation separa- 
tion element. A further advantage is that potential scat- 

50 . tering from the spacer posts 43 may also be controlled 
more easily, since the uniformity of the arrangement of 
the spacer posts is controllable. 

[0130] The polarisation separation elements of Fig- 
ures 12 and 13 again deviate both polarisation compo- 
55 nents from the direction of the incident light. 

[0131] Fabrication of a polarisation separation ele- 
ment incorporating a liquid crystal material may be 
achieved using conventional liquidcrystal panel assem- 
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bly methods. The surfaces confronting the liquid crystal 
layer - that is, the surface of the polymer layer 31 and 
the inner surface of the lower transparent cover plate 23 
- may be coated with an alignment layer, for example a 
layer of alignment material P I2555, for aligning the liquid s 
crystal material. The alignment layer may be deposited 
by a spin coating method. The material used to form the 
alignment layer must be carefully chosen where a pol- 
ymer layer is used to form the optically isotropic wedge- 
shaped prisms, since care must be taken to ensure that 
the alignment layer does not require baking at a temper- 
ature that could damage the polymer material. 
[0132] The upper and lower transparent cover plates 
can be formed of an optically isotropic, transparent ma- 
terial. It is preferable to fabricate the upper and lower 
cover plates 22, 23 from a polymeric material, since this 
reduces the cost and the weight of the polarisation sep- 
aration element. 

[0133] As will be seen from the above description, no 
switching of the liquid crystal material is required in the 
polarisation separation elements shown in Figures 4, 12 
and 13. Accordingly, there is no need to provide the po- 
larisation separation elements with electrodes for apply- 
ing voltages across the liquid crystal layer. This means 
that a wider selection of materials can be used in the 
fabrication of the polarisation separation element, since 
the high deposition temperatures required to form trans- 
parent electrodes usually place severe restrictions on 
materials that can be used. Furthermore it avoids the 
reflective light losses that would be experienced if trans- 
parent electrodes, such as indium tin oxide electrodes, 
were present 

[01 34] The lack of any requirement to address the liq- 
uid crystal layer also provides more freedom in choosing 
the thickness of the cell gap. Where an electricfield must 
be applied across the liquid crystal layer to switch the 
liquid crystal material, a small cell gap is usually pre- 
ferred, so that a given electric field can be achieved at 
a low voltage. This restriction does not apply to the cell 
gap of a PSE of Figure 4, 1 2 or 1 3 since, as noted above, 
it is not necessary to address the liquid crystal material 
32. It is, however, preferred to avoid a very large cell 
gap, for example 1mm, since it can be difficult to main- 
tain the alignment of liquid crystal molecules across the 
thickness of the liquid crystal layer if the cell gap is too 
large. A cell gap of the order of 100 microns or less 
would generally maintain alignment throughout its 
depth. 

[0135] Figure 15(a) shows a further polarisation sep- 
aration element of the invention. This again comprises 
two arrays of prisms disposed between a first transpar- 
ent cover plate 22 and a second transparent cover plate 

23. The first prism array is an array of isotropic prisms 

24, 24a, and the second prism array is an array of bire- 
fringent prisms 21 , 21 a. The prisms of each array have 
a substantially wedge-shaped cross section. The wedge 
angle of the prisms of the first array is equal or substan- 
tially equal to the wedge angle of the prisms 21,21a of 



the second prism array, and the cross-sectional dimen- 
sions of the prisms 24, 24a of the first array are equal 
or substantially equal to the cross-sectional dimensions 
of the prisms 21,21a of the second array. 
[01 36] The arrays of prisms are disposed such that a 
prism 24, 24a of the first array has its oblique face (hy- 
potenuse face) adjacent to the oblique face of a prism 
21 , 21 a of the second array. Since the prisms of the first 
array have substantially the same wedge angle as the 
prisms of the second array, the base face of a prism 24, 
24a of the first array is substantially parallel to the base 
face of the corresponding prism 21, 21a of the second 
array. In contrast to the polarisation splitting elements 
described above, the prisms in each array are not ar- 
ranged in a "saw-tooth" arrangement in which the thick 
end of one prism is disposed adjacent to the thin end of 
a neighbouring prism. In the polarisation splitting ele- 
ment of Figure 15(a), the inclination direction of the 
prisms in an array alternates. Thus, a first prism 24 of 
the first array is arranged such that its thickness de- 
creases from left to right as seen in Figure 15(a), but a 
neighbouring prism 24a of the first array increases in 
thickness from left to right in Figure 1 5(a). Thus, a prism 
24a of the first array is arranged such that its thin end 
is adjacent to the thin end of one neighbouring prism 24 
of the first array, and such that its thick end is adjacent 
to the thick end of another neighbouring prism 24 of the 
first prism array. The prisms of the second prism array 
are arranged similarly. (The boundaries between adja- 
cent prisms of an array are indicated in broken lines in 
Figure 15(a) although it should be noted that, depending 
on the construction of the arrays, there may not be phys- 
ical boundaries between adjacent prisms in an array.) 
[0137] The prism structure shown in Figure 15(a) will 
be referred to as a "herringbone" structure, for conven- 
ience. 

[01 38] The wedge angle 61 of a prism of the first array 
that decreases in thickness from left to right in Figure 
15(a) is preferably equal or substantially equal to the 
wedge angle 62 of a prism of the first array that increas- 
es in thickness from left to right in Figure 1 5(a). 
[0139] As indicated in Figure 15(a) the polarisation 
separation element 16 of Figure 15(a) deviates light of 
both polarisation components, so that each polarisation 
component leaves the polarisation separation element 
in a direction that is different from the direction of prop- 
agation of the light incident on the outer face 22a of the 
first cover plate 22. It will be noted, however, that an 
element 50 in which the thickness of the prism 24 of the 
first array decreases from left to right in Figure 1 5(a) di- 
rects the first polarisation component in substantially the 
same direction as an element 51 , in which the thickness 
of the prism of the first prism array increases from right 
to left in Figure 15(a), directs the second polarisation 
component, and vice-versa. 

[01 40] The isotropic prisms 24, 24a in the polarisation 
separation element of Figure 15(a) may be manufac- 
tured by any suitable method for manufacturing an iso- 
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tropic prism array including any methods described 
herein with reference to other embodiments. For exam- 
ple, the array of isotropic prisms 24, 24a may be made 
of a polymer material. The -herring-bone" profile of the 
array of isotropic prisms may be obtained by, for exam- 
ple, moulding the polymer using a suitable mould, cast- 
ing the polymer, by a lithographic process, or by em- 
bossing a polymer sheet. 

[0141] The array of birefringent prisms 21, 21a may 
also be provided by any suitable method, for example 
by any method described above for manufacture of a 
birefringent prism array. For example, the birefringent 
prism array may be obtained by suitably shaping a bire- 
fringent material. Alternatively, the birefringent prisms 
21, 21a may be formed using a liquid crystal material 
disposed between the second cover sheet 23 and the 
isotropic prism array, for example in the manner de- 
scribed above with reference to Figure 4. If the birefrin- 
gent prism array is embodied as a liquid crystal layer 
having a varying thickness, the polarisation separation 
element 1 6 is preferably provided with a first alignment 
layer (not shown) disposed on the oblique faces of the 
isotropic prisms 24, 24a, and with a second alignment 
layer (not shown) disposed on the upper surface 23a of 
the second cover sheet 23. 

[0142] In Figure 15(a) the polarisation separation el- 
ement is shown with the isotropic prism array disposed 
closest to the light source, It would alternatively be pos- 
sible forthe polarisation separation element 16of Figure 
15(a) to be oriented such that light was incident initially 
on the lower face 23b of the second cover sheet 23, so 
that the light passed through the birefringent prism array 
before passing into the isotropic prism array. 
[0143] Figure 15(b) illustrates a polarisation conver- 
sion system using the polarisation splitting element 16 
of Figure 15(a). 

[0144] The PCOS 15 of Figure 15(b) contains a po- 
larisation splitting element 16 of the type illustrated in 
Figure 15(a). The polarisation splitting element 16 is il- 
luminated by unpolarised or partially polarised light from 
a light source (not shown). The polarisation splitting el- 
ement 16 separates the two polarisation components in 
the incident light, and the two polarisation components 
leaving the polarisation separation element 16 are indi- 
cated in broken lines and full lines respectively. As ex- 
plained above, the directions in which the first and sec- 
ond polarisation components are emitted from the po- 
larisation splitting element depends on the direction of 
the interface between the first and second prism arrays. 
[0145] The PCOS 1 5 of Figure 15(b) further compris- 
es a polarisation conversion element placed on the op- 
posite side of the polarisation splitting element 1 6 to the 
light source. The polarisation conversion element 19 
converts light from the polarisation splitting element into 
light having a substantially uniform polarisation. In the 
embodiment of Figure 1 5(b) the desired output polari- 
sation is one of the two polarisation components pro- 
duced by the polarisation splitting element, but this need 



not be the case. 

[0146] In the embodiment of Figure 15(b) the polari- 
sation conversion element 19 is arranged so that one 
polarisation component output from the polarisation 

5 splitting element 16 is incident on areas 19a of the po- 
larisation conversion element that rotate the plane of po- 
larisation of that polarisation component by substantially 
90°. It is further arranged that the other polarisation 
component output by the polarisation splitting element 

10 is incident on areas 19b of the polarisation conversion 
element that do not rotate the plane of polarisation of 
that polarisation component, so that the plane of polar- 
isation of the second polarisation component is substan- 
tially unchanged by the polarisation conversion element 

*5 19. in consequence, light emitted from the PCOS 15 of 
Figure 15(b) contains substantially only light of one po- 
larisation component. 

[0147] In order to ensure that the two polarisation 
components output by the polarisation splitting element 

20 are incident on the correct areas of the polarisation con- 
version element 1 9, a first microlens array 1 7 is provided 
to converge light directed towards the polarisation con- 
version element 19. In the embodiment of Figure 15(b) 
the first microlens array 17 is disposed between the po- 

25 larisation splitting element 16 and the polarisation con- 
version element 1 9, but the first microlens array 17could 
alternatively be disposed between the light source and 
the polarisation splitting element 16. If, in the case of a 
"herring-bone" polarisation splitting element, the first mi- 

30 crolens array 17 is disposed between the light source 
and the polarisation splitting element then the second 
microlens array 18 must lie between the polarisation 
separation element and the polarisation conversion el- 
ement. This is to ensure that the two orthogonal polari- 

35 sation states emerging from the polarisation separation 
element are incident on the correct areas of the polari- 
sation conversion element. 

[01 48] A second microlens array 1 8 is preferably pro- 
vided in the PCOS 1 5 of Figure 1 5<b), to ensure that the 

40 light output from the PCOS is substantially telecentric. 
The second microlens array, if provided, may conven- 
iently be disposed on the same substrate as the first mi- 
crolens array as described above with reference to in 
Figure 23; this is shown schematically in Figure 15(b). 

45 [0149] The "herring-bone" polarisation splitting ele- 
ment of the type shown in Figure 15(a) provides an in- 
creased intrinsic light throughput compared to a "saw- 
tooth" polarisation splitting element. When used in a 
PCOS, however, in order to ensure that the two polari- 

50 sation components are incident on the correct areas of 
the polarisation conversion element 19, it is necessary 
for the microlens array to be aligned precisely with the 
polarisation splitting element. In particular, the pitch d m 
of the microlens array is required to be half the pitch d s 

55 of the polarisation splitting element. Furthermore, each 
element of the microlens array should be aligned oppo- 
site an element 50, 51 of the polarisation splitting ele- 
ment 1 6 so that there is a one-to-one correspondence 
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between the elements 50, 51 of the polarisation splitting 
element 16 and the lenses of the microlens array. 
[0150] The pitch d c of the polarisation conversion el- 
ement is required to be equal or substantially equal to 
twice the pitch d m of the microlens array. Furthermore, 
the polarisation conversion element 1 9 is required to be 
arranged such that each first area 19a is disposed op- 
posite approximately half the area of one element 50 of 
the microlens array and half the area of an adjacent el- 
ement 51 of the microlens array. 
[01 51] In contrast, in a PCOS that incorporates a saw- 
tooth polarisation splitting element, the pitch of the first 
microlens array 17 is not required to be identical to the 
pitch of the polarisation splitting element, and the first 
microlens array is not required to be aligned with the 
elements of the polarisation splitting element. This is il- 
lustrated schematically in Figure 15(c) which shows a 
PCOS of the invention that incorporates a "saw-tooth- 
polarisation separation element It will be noted, howev- 
er, that the polarisation conversion element 19 of the 
PCOS of Figure 1 5(c) is aligned with the second micro- 
lens array 18, and that the pitch d c of the polarisation 
conversion element is equal or substantially equal to the 
pitch d m of the second microlens array 18. 
[0152] In the PCOS 1 5 of Figure 15(b), the first mic- 
rolens array 17 is preferably positioned as close to the 
polarisation separation element 16 as possible. This 
minimises the possibility that rays emerging from one 
element of the polarisation separation element will enter 
the 'wrong* microlens of the first microlens array. Alter- 
natively, if the first microlens array 17 is disposed be- 
tween the light source and the polarisation splitting ele- 
ment the second microlens array 18 (which, as noted 
above, must in this case be disposed between the po- 
larisation splitting element and the polarisation conver- 
sion element 1 9) is preferably placed as close to the po- 
larisation separation element 16 as possible 
[01 53] The polarisation separation element 1 6 of Fig- 
ure 15(a) comprises one array of isotropic prisms 
24,24a and one array of birefringent prisms 21,21a. A 
polarisation separation element having the "herring- 
bone" structure could alternatively be embodied using 
two arrays of birefringent prisms, in a similar manner to 
the polarisation separation element described above 
with reference to Figure 2(a). 

[0154] In the polarisation separation elements de- 
scribed above the prism arrays have a uniform or sub- 
stantially uniform pitch. While a prism array having a uni- 
form pitch is straightforward to manufacture, there is the 
disadvantage that a polarisation separation elements 
that incorporates prism arrays having a uniform pitch will 
have a periodic structure. As a result some of the inci- 
dent light will be lost as a result of diffract'rve effects. 
[0155] Figure 16 illustrates a PCOS 15 according to 
a further embodiment of the invention. The PCOS of Fig- 
ure 16 contains a polarisation separation element 16 of 
the invention in which the pitch of the prism arrays of the 
polarisation separation element is not uniform. The 



prism arrays of the polarisation separation element 16 
do not have a periodic structure so that diffraction effects 
are reduced (and, in principle, are completely eliminated 
if the pitch of the prism arrays varies in a truly random 
5 fashion). 

[0156] The PCOS 15 of Figure 16 contains a polari- 
sation splitting element 16 having the "saw-tooth" struc- 
ture described above with reference to, for example, 
Figure 2(b). The polarisation separation element 16 

io contains a first array of optically isotropic wedge-shaped 
prisms 24, and a second array of birefringent wedge- 
shaped prisms. The prisms do not have a constant pitch, 
so that the widths 1 1f 1 2 , 1 3 , 1 4 of the prisms shown in 
Figure 16 are not equal all equal to one another, and the 

*5 diffractive effect of the polarisation separation element 
16 is reduced. Preferably, the pitch of the prisms varies 
in a random or pseudo-random manner. The wedge an- 
gle of the prisms is preferably uniform, so that preferably 

©1 ■ ©2 ° ©3 = ©4- 

20 [0157] Apart from the random pitch of the prism arrays 
of the polarisation separation element 16, the PCOS 15 
shown in Figure 16 is generally similar to the PCOS de- 
scribed with reference to Figure 1(b). The polarisation 
splitting element 1 6 is illuminated by unpolarised or par- 

25 tialiy polarised light from a light source (not shown). The 
polarisation splitting element 16 angularly separates the 
two polarisation components in the incident light, and 
deviates each polarisation component. 
[0158] The PCOS 1 5 of Figure 1 6 further comprises 

30 a polarisation conversion element 19 placed on the op- 
posite side of the polarisation splitting element 1 6 to the 
light source. The polarisation conversion element 19 
converts light from the polarisation splitting element into 
light having a substantially uniform polarisation. 

35 [0159] In the embodiment of Figure 16 the polarisa- 
tion conversion element 19 is arranged so that one po- 
larisation component output from the polarisation split- 
ting element 1 6 is incident on areas 1 9a of the polarisa- 
tion conversion element that rotate the plane of polari- 

40 sation of that polarisation component by substantially 
90°. It is further arranged that the other polarisation 
component output by the polarisation splitting element 
is incident on areas 19b of the polarisation conversion 
element that do not rotate the plane of polarisation of 

45 that polarisation component, so that the plane of polar- 
isation of the second polarisation component is substan- 
tially unchanged by the polarisation conversion element 
19. In consequence, light emitted from the PCOS 15 of 
Figure 16 contains substantially only light of one polar- 

50 isation component (S-polarised light in this example). 
The polarisation conversion element may optionally 
comprise a uniform retarder 32', so that any desired out- 
put polarisation state may be obtained. 
[0160] In order to ensure that the two polarisation 

55 components output by the polarisation splitting -element 
are incident on the correct areas of the polarisation con- 
version element 1 9, a first microlens array 1 7 is provided 
to converge light directed towards the polarisation con- 
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version element 19. In the embodiment of Figure 16 the 
first microlens array 17 is disposed between the polari- 
sation splitting element 16 and the polarisation conver- 
sion element 19, but the first microlens array 17 could 
alternatively be disposed between the light source and 
the polarisation splitting element 16. 
[0161] A second microlens array 18 is preferably pro- 
vided in the PCOS 15 of Figure 16, to ensure that the 
light output from the PCOS is substantially telecentric. 
The second microlens array, if provided, may conven- 
iently be disposed on the same substrate as the first mi- 
crolens array as described above with reference to in 
Figure 24. 

[0162] In the embodiment of Figure 16 the first and 
second microlens arrays 17,18 have a uniform pitch, for 
ease of manufacture. The microlenses of the first array 
1 7 are therefore not aligned with individual prisms of the 
polarisation separation element 16. The pitch of the first 
microlens array, the pitch of the second microlens array 
and the pitch of the polarisation conversion element 19 
are preferably equal or substantially equal to one anoth- 
er. The first microlens array, the second microlens array 
and the polarisation conversion element are preferably 
aligned with one another laterally. 
[01 63] The feature of providing the prism arrays of the 
polarisation separation element with a non -uniform 
pitch, such as a random or pseudo-random pitch, may 
be applied to any polarisation separation element or 
PCOS described herein. It should be noted, however, 
that if the feature of providing the prism arrays of the 
polarisation separation element with a non-uniform 
pitch, such as a random or pseudo-random pitch, is ap- 
plied to a PCOS in which the polarisation separation el- 
ement has the "herring-bone" structure shown in Figure 
1 5(a), then the pitch of the microlens arrays of the PCOS 
and the pitch of the polarisation conversion element of 
the PCOS should preferably vary in the same way as 
the pitch of the prism arrays, and this may be difficult to 
achieve in practice. However, for a given prism angle, a 
polarisation separation element having the "herring- 
bone" structure will have a pitch that is twice as great 
as the pitch of a polarisation separation element with the 
"saw-tooth" structure so that diffractive loss is less of a 
problem in a polarisation separation element having the 
"herring-bone" structure. 

[0164] A polarisation splitting element in which the 
pitch of the prism arrays is not uniform may, in principle, 
be made by any manufacturing method that can be used 
to manufacture a polarisation splitting element with a 
constant prism pitch. For example the isotropic prism 
array may be made by removing material from an opti- 
cally isotropic substrate having uniform thickness using, 
for example, a diamond turning process or an etching 
process such as grey-scale lithography followed by ion 
etching suitably controlled to introduce variations into 
the pitch of the prism array. For example, the process 
may be controlled using a random number generator to 
provide random or pseudo-random variations into the 



pitch of the prism array. The Isotropic prism array may 
then be disposed opposite an optically isotropic sub- 
strate, and a liquid crystal material can be disposed be- 
tween the isotropic prism array and the optically isotrop- 

5 ic substrate to form the birefringent prism array. 

[0165] In a full-scale manufacturing process, it is con- 
venient to use a process as outlined above to make a 
master. Once a suitable master has been made, it is 
possible to undertake large scale production of a prism 

10 array using, for example, a U V-setting polymer material 
or a thermosetting resin. 

[0166] Where a PCOS is illuminated using a lamp 
having a reflector that incorporates a dichroic coating to 
improve reflectivity, Fresnel reflections will cause the 

is light reflected by the reflector to have some degree of 
polarisation. Figure 22(a) shows the geometry of polar- 
isation that occurs owing to these Fresnel reflections. 
[01 67] Figure 22(b) shows the polarisation directions 
as seen by an observer viewing the reflector 8 along its 

20 axis of symmetry. It will be seen that the polarisation di- 
rection has a radial symmetry when viewed from this di- 
rection. In Figure 22(b) P and S denote the p-plane-po- 
larised and s-p lane-polarised states, and the + and - 
subscripts denote the degree of polarisation, so that, for 

25 example, P + denotes a state having a substantial de- 
gree of p polarisation, whereas S. denotes an s-polar- 
ised state having a low degree of polarisation. 
[0168] Because the light incident on the polarisation 
separation element is already polarised to some extent, 

30 the p-poiarised beam produced by the polarisation sep- 
aration element will not have the same intensity as the 
s-polarised beam produced by the polarisation separa- 
tion element so that the two images produced at the el- 
ements of the second mioroiens array will have different 

35 intensities. Because of the nature of the retarders used 
in the polarisation conversion element 19, it is more ef- 
ficient to convert the polarisation state of the + compo- 
nent of the incident light using the half wave retarder 
elements, and to leave the plane of polarisation of the - 

40 component of the incoming light unchanged. It is there- 
fore preferable for the polarisation conversion element 
to be patterned such that each region of the polarisation 
conversion element converts the plane of polarisation 
of the higher intensity polarisation component incident 

45 on that region while not changing the plane of polarisa- 
tion of the lower intensity polarisation component. 
[0169] Figure 22<c) illustrates a retarder 42 suitable 
for use as the polarisation conversion element where 
the incident light is polarised as shown in Figure 22(b). 

50 The retarder 42 of Figure 22(c) has four sections, 42 A 
to 42D. The retarder is oriented such that sections 42 A 
and 42C receive light that is predominantly p-plane po- 
larised and contains a small component of s-polarised 
light; the regions 42 A, 42C of the retarder therefore pref- 

55 erably convert the p-polarised component of the incom- 
ing light to s-polarised light, while having no effect on 
the component that is already s-polarised. Conversely, 
the regions 42B and 42D of the retarder 42 receive, in 
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use, light that is predominantly s-plane polarised, with 
only a small component that is p-plane polarised. Ac- 
cordingly, in the regions 42B, 42D the retarder prefera- 
bly converts the s-polarised component to p-polarised 
light, without affecting the polarisation of the s-polarised 5 
component. 

[0170] The retarder 42 of Figure 22(c) is intended for 
use with a polarisation separation element that sepa- 
rates the p- and s- polarised components in a horizontal 
plane. The direction of the optic axis of the retarder 42 
is therefore patterned in vertical strips, with the optic ax- 
is in one strip being vertical and the optic axis in an ad- 
jacent strip being at 45° to the vertical. These strips are 
arranged such that, in each region of the retarder, the 
highest intensity polarisation component of the incident 
light is directed onto a strip in which the optic axis is at 
45°. Thus, in the regions 42A and 42C the p-component 
of the incident light is directed onto strips which have 
their optic axis at 45° to the vertical and so is converted 
to the s-polarisation, whereas in the regions 42B and 
42D it is the s-component of the incoming light that is 
directed by the polarisation separation element onto 
strips that have their optic axis arranged at 45° to the 
vertical direction and is converted to the p-polarisation. 
[0171] After light has passed through the wave plate 

42 shown in Figure 22(c), light that has passed through 
the regions 42A and 42C of the retarder will be s-plane 
polarised light, whereas light that has passed through 
the regions 42B and 42D of the retarder 42 will be in the 
p-plane polarised state. In order to produce light having 
a uniform polarisation, it is necessary to pass the light 
through a second wave-plate to convert one of the po- 
larisation components to the orthogonal polarisation 
state. One suitable wave-plate is shown in Figure 22(d). 
[0172] The wave-plate 43 of Figure 22(d) again has 
four sections 43A to 43D, which correspond in size and 
shape to the regions 42A to 42D of the wave-plate 42 
of Figure 22(c). 

[01 73] If it is desired that the output light is s-polarised 
light, then the sections 43A and 43C of the wave-plate 

43 do not need to change the plane of polarisation of 
light emitted by the wave plate 42 since, as noted above, 
the sections 42A and 42C of the wave-plate 42 produce 
s-polarised light. The optic axes in the regions 43A and 
43C should be parallel to the polarisation of the incident 
light. 

[0174] The sections 43B and 43D of the retarder 43 
will receive p-polarised light from the retarder 42. Since 
it is desired that the output from the retarder 43 is s- 
polarised light, this requires that the sections 43B and 
43D of the retarder 43 rotate the plane of polarisation of 
p-polarised light emitted by the sections 42B and 42D 
of the retarder 42 to produce s-polarised light. The optic 
axis of the sections 43B and 43D of the retarder 43 is 
therefore preferably inclined at 45° to the vertical. 
[0175] The directions of the optic axis of the wave 
plate 43, and the polarisation of light received from the 
wave plate 42, are indicated in Figure 22(d). 



[01 76] A further polarisation splitting element 44 suit- 
able for use where the incident light is polarised as 
shown in Figure 22(b) will be described with reference 
to Figure 22(e). The polarisation splitting element 44 
comprises a layer of uniaxial material disposed between 
first and second transparent cover plates. Figure 22(e) 
shows the orientation of the optical axis of the uniaxial 
material across the thickness of the layer of u niaxial ma- 
terial, and it can be seen that the twist of the optical axis 
of the uniaxial material is spatially varying. In sections 
44A and 44C of element 44, the optical axis of the uniax- 
ial material adjacent to one cover plate is in substantially 
the same direction as the optic axis of the uniaxial ma- 
terial adjacent the other cover plate, whereas in sections 
44B and 44D the optical axis twists by substantially 90° 
throughoutthe thickness of the layer of uniaxial material. 
[0177] Sections 44B and 44D act in such a way as to 
rotate the polarisation of the two split beams by 90°. For 
instance, if incident light comprising components P- and 
S+ is incident on the polarisation separation element 44 
the two polarisation components will be angularly split 
and in sections 44B and 44D these components will 
have their polarisation rotated by 90° to become S- and 
P+. 

[0178] Such a polarisation separation element, with 
prism array configured to split light in the horizontal di- 
rection, may be used in a PCOS system 1 5a as shown 
in figure 1 (a). In this-case, light leaving the second face 
18 of the micro lens array will comprise alternate, verti- 
cal stripes of P and S polarisations. The alternation will 
depend on which section the light leaves the polarisation 
splitting element 44, with the stripes produced by sec- 
tions 44 A and 44C being shifted by one stripe compared 
to the stripes produced by sections 44B and 44D. That 
is, if sections 44A and 44C produce stripes having al- 
ternate P and S polarisations, then sections 44B and 
44D will produce stripes having alternate S and P polar- 
isations. 

[01 79] Light exiting from the polarisation splitting ele- 
ment will now comprise components P+ and S- from 
sections 44A and 44C and components S- and P+ from 
sections 44B and 44D. 

[01 80] The patterned polarisation conversion element 
of Figure 22(c) may then be used to convert light exiting 
the polarisation splitting element of Figure 22(e) into 
light having a substantially uniform polarisation. 
[0181] Where a polarisation separation element con- 
tains a single array of birefringent wedge-shaped prism, 
light having one linear polarisation experiences sub- 
stantially all the material dispersion. This is usually the 
component that is refracted by the extraordinary index, 
since this index has the highest dispersion. If it is desired 
that both of the orthogonal linear polarisation compo- 
nents should experience substantially equal dispersion, 
this can be achieved by using a birefringent wedge- 
shaped prism that comprises a uniaxial material that has 
at least one area in which the optic axis has a twist of 
90° across the thickness of the uniaxial material and has 
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at least one area in which the optic axis of the uniaxial 
material has zero twist across the thickness of the uniax- 
ial material. Provided that the area of the uniaxial mate- 
rial that has 90° twist of its optic axis and the area of the 
uniaxial material that has 0° twist of its optic axis are 
substantially equal, then both of the orthogonal polari- 
sation components will experience substantially equal 
dispersion. Figure 23(a) illustrates schematically one 
embodiment of the alignment of a counter substrate that 
will achieve this effect. The counter substrate has two 
regions 46A, 46B, with the alignment direction of the 
alignment film varying between the two regions. In re- 
gion 46A the alignment direction is at 90° to the vertical 
(as seen in Figure 23(a)), whereas in regions 46B the 
alignment direction is at 0° to the vertical. When used 
in conjunction with another alignment film that has a uni- 
form alignment direction at 0° to the vertical, the region 
46A will induce a twist in the optic axis of the uniaxial 
material by 90° over the thickness of the uniaxial mate- 
rial, as shown in the upper left insert in Figure 23(a). The 
region 46B, on the other hand, will induce no twist in the 
optic axis of the uniaxial material across the thickness 
of the uniaxial material, as shown in the lower right insert 
in Figure 23(a). 

[0182] Figure 23(b) illustrates a variation of the em- 
bodiment of Figure 23(a). This Figure shows a counter 
substrate 47 that has a large number of regions of dif- 
ferent alignment direction. Regions 47A have an align- 
ment direction of 90° to the vertical, and regions 47B 
have an alignment direction at 0° to the vertical. When 
used in conjunction with another alignment film that has 
a uniform alignment direction at 0° to the vertical, the 
regions 47 A will induce a twist in the optic axis of the 
uniaxial material by 90° over the thickness of the uniax- 
ial material, whereas the regions 47B will induce no twist 
in the optic axis of the uniaxial material across the thick- 
ness of the uniaxial material. 

[0183] In the embodiments of a PCOS shown in Fig- 
ures 1 (a), 1 (b), 2(a), 2(b), 6(a), 6(b) 7(a), 7(b), 14(c) and 
15(b) the polarisation conversion element 19 consists 
of a plurality of first areas that have no effect on the po- 
larisation of the component that is incident on those ar- 
eas, and other areas that rotate by 90° the plane of po- 
larisation of the component incident on those areas. 
Thus, these polarisation conversion elements output 
light that has a common plane of polarisation. The in- 
vention is not, however, limited to a PCOS having such 
a polarisation conversion element. For example, the po- 
larisation conversion element of a PCOS of the inven- 
tion could alternatively comprise the combination of a 
polarisation rotation element such as those described 
in the application and a uniform waveplate or retarder 
disposed on the opposite side of the polarisation rotation 
element to the light source. The uniform waveplate or 
retarder would convert the linearly polarised light output 
by the polarisation rotation element 19 into elliptically- 
or circularly-polarised light. 

[01 84] Although the polarisation separation elements 



of the invention have been described in the context of a 
polarisation conversion system, the polarisation sepa- 
ration elements of the invention are not limited to use in 
a polarisation conversion system. 

5 

Claims 

1. A polarisation separation element (16) comprising 
10 a first array of prisms, each prism having a wedge- 
shaped cross-section; and a second array of 
prisms, each prism having a wedge-shaped cross 
section; wherein each prism of the first array is dis- 
posed with an inclined face disposed adjacent an 

1 5 inclined face of a corresponding prism of the second 
array; wherein each prism of at least one of the ar- 
rays of prisms is a birefringent prism; and wherein 
the polarisation separation element is arranged to 
deviate light having the first polarisation and to de- 

20 viate light having the second polarisation. 

2. A polarisation separation element as claimed in 
claim 1 wherein each prism of the first array of 
prisms is a birefringent prism and each prism of the 

25 second array of prisms is a birefringent prism. 

3. A polarisation separation -element as claimed in 
claim 2 wherein each prism of the first array is ar- 
ranged with its optic axis perpendicular to the optic 

30 axis of the corresponding prism of the second array. 

4. A polarisation separation element as claimed in 
claim 1 wherein each prism of the first array of 
prisms is an optically isotropic prism and each prism 

35 of the second array of prisms is a birefringent prism. 

5. A polarisation separation element as claimed in 
claim 4 wherein the ordinary refractive index n Q of 
a prism of the second array, the extraordinary re- 

40 tractive index n e of a prism of the second array and 
the refractive index n of a prism of the first array are 
chosen such that 



6. A polarisation separation element as claimed in any 
preceding claim wherein the array of birefringent 
prisms, or one of the arrays of birefringent prisms, 

50 comprises a liquid crystal material. 

7. A polarisation separation element as claimed in 
claim 6 and containing spacers for determining the 
thickness of the liquid crystal layer. 

55 

8. A polarisation separation element as claimed in 
claim 7 wherein each spacer element is integral with 
a respective one of the prisms of the first array. 
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9. A polarisation separation element as claimed in any 
of claims 1 to 5 wherein the array of birefringent 
prisms, or one of the arrays of birefringent prisms, 
comprises a reactive mesogen. 

1 0. A polarisation separation element as claimed in any 
of claims 1 to 5 wherein the array of birefringent 
prisms, or one of the arrays of birefringent prisms, 
comprises a polymer stabilised liquid crystal mate- 
rial. 

1 1 . A polarisation separation element as claimed in any 
preceding claim and further comprising a third array 
of prisms, each having a wedge-shaped cross-sec- 
tion; and a fourth array of prisms, each having a 
wedge-shaped cross-section; wherein each prism 
of the third array is disposed with an inclined face 
adjacent an inclined face of a corresponding prism 
of the fourth array; and wherein each prism of the 
third array is a birefringent prism. 

12. A polarisation separation element as claimed in 
claim 1 1 wherein the direction of the optic axis of a 
prism of the second array varies over the thickness 
of the prism. 

13. A polarisation separation element as claimed in 
claim 1 2 wherein the direction of the optic axis of a 
prism of the second array varies by substantially 
90° over the thickness of the prism, the optic axis 
being substantially perpendicular to the direction of 
incident light over the thickness of the prism. 

14. A polarisation separation element as claimed in 
claim 1 3 wherein the direction of the optic axis of a 
prism of the second array at the face of the prism 
disposed closer to the third array of prisms is per- 
pendicular to the optic axis of the prisms of the third 
array. 

15. A polarisation separation element as claimed in any 
of claims 11 to 14 wherein the second array of 
prisms comprises a liquid crystal layer. 

16. A polarisation conversion system (15) comprising: 
a first lens array (17) for converging incident colli- 
mated light; a polarisation separation element (16) 
for directing light having a first polarisation in a first 
direction and for directing light having a second po- 
larisation different from the first polarisation in a 
second direction different from the first direction; 
and one or more polarisation conversion elements 
(19, 32*) for converting light having the first and sec- 
ond polarisations to light having a substantially 
common output polarisation; 

wherein the polarisation separation element 
is a polarisation separation element as defined in 
any of claims 1 to 1 5. 



17. A polarisation conversion system as claimed in 
claim 16 wherein the output polarisation is the sec- 
ond polarisation. 

5 18. A polarisation conversion system as claimed in 
claim 16 or 17, wherein the array of polarisation 
conversion elements is disposed substantially in 
the focal plane of the first lens array. 

10 19. a polarisation conversion system as claimed in any 
of claims 1 6 to 1 8 wherein the first lens array is dis- 
posed between the polarisation separation element 
and the polarisation conversion element. 

15 20. A polarisation conversion system as claimed in any 
of claims 1 6 to 1 8 wherein the first lens array is dis- 
posed before the polarisation separation element 

21. A polarisation conversion system as claimed in any 
20 claims 16 to 20 and further comprising a second 

lens array for collimating the output of the polarisa- 
tion conversion element. 

22. A polarisation conversion system as claimed in 
25 claim 21 , wherein the first lens array and the second 

lens array have a common substrate. 

23. A polarisation conversion system as claimed in 
claim 21 or 22 wherein the second lens array is ad- 

30 jacent and behind the polarisation conversion ele- 
ment. 

24. A polarisation conversion system as claimed in 
claims 21, 22 or 23 wherein the polarisation conver- 
ts sion element is disposed directly on the second lens 

array. 

25. A polarisation conversion system as claimed in 
claim 21 or 22 wherein the polarisation conversion 

40 element is disposed after and is optically coupled 
to the second lens array. 

26. A polarisation conversion system as claimed in any 
of claims 16 to 25 wherein the output from the po- 

45 larisation separation element is a first beam of lin- 
early polarised light having a first plane of polarisa- 
tion and a second beam of linearly polarised light 
having a second plane of polarisation different from 
the first plane of the polarisation, and the or each 

so polarisation conversion element is a polarisation ro- 
tation element. 

27. A polarisation conversion system as claimed in 
claim 26 wherein the plane of polarisation of the first 

55 beam is at substantially 90° to the plane of polari- 
sation of the second beam. 

28. A polarisation conversion system as claimed in any 
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of claims 16 to 27 wherein the one or more polari- 
sation conversion elements comprise a retarder ar- 
ray having a plurality of first regions alternating with 
a plurality of second regions, the first and second 
regions being arranged to receive light of the first 5 
and second polarisations, respectively. 

29. A polarisation conversion system as claimed in 
claim 27 wherein the first and second regions have 
first and second sizes which are matched to the 10 
cross-sectional sizes of light beams of the first and 
second polarisations, respectively, and which are 
different from each other. 

30. A projection display system comprising a source of 15 
unpolarised or partially polarised light, a polarisa- 
tion conversion system as defined in any of claims 

16 to 29, and a projection lens. 

31. An optical element comprising: a substrate; a first 20 
lens array disposed on one surface of the substrate; 
and a second lens array disposed on an opposing 
surface of the substrate, each lens of the second 
lens array being optically associated with a lens of 

the first lens array. 25 

32. An optical element as claimed in claim 31 wherein 
the first lens array and the second lens array are 
integral with the substrate. 

30 

33. An optical element as claimed in claim 31 or 32 
wherein the pitch of the first lens array is substan- 
tially equal to the pitch of the second lens array. 

34. An optical element as claimed in claim 33, wherein 35 
the pitch of the first lens array and the pitch of the 
second lens array are each less than 2mm. 

35. An optical element as claimed in any of claims 31 

to 34 wherein the width W of the optical element and 40 
the thickness T of the optical element satisfy the re- 
lationship WIT > 3. 
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